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ABSTRACT 
Among the various biological wastewater treatment processes for industrial and 
municipal wastewater treatment, fluidized bed bioreactors (FBBR) demonstrate numerous 
advantages compared to suspended growth systems such as lower hydraulic retention time, 
high surface area and accordingly high biomass retention time, higher volumetric 
conversion rates, lower sensitivity to temperature, and less sludge production. Despite the 
numerous biofilm bioreactor configurations and system schemes that are currently available 
for a wide variety of environmental applications, the development and optimization of a 
stable biofilm that is capable of offering effective and integrated functions, i.e. 
biodegradation, biomass-liquid separation, and biomass retention along with a substantial 
reduction of nitrous oxide (N2O) emissions is still challenging.  
To achieve this goal, this work addresses four separate but interconnected projects 
with a focus on denitrifying biofilm in FBBR. First, biofilm morphology and structure was 
investigated by changing the media properties, i.e. sphericity, surface roughness, and 
specific surface area. Four different types of media (natural and artificial) were tested and it 
was found that particles with sphericity of 0.9 (multi-blast plastic (MB) and natural zeolite 
(NZ)) maintained a fluffy protruding biofilm and achieved slightly higher nutrient removal 
efficiencies as compared to particles with a sphericity of 0.5 (maxi-blast plastic (MX) and 
lava rock (LR)), which exhibited a patchy biofilm at low COD-to-nitrogen (COD/N) ratio.  
The second study explored divalent cation dosage (i.e. calcium (Ca2+)) as a novel 
methodology to change and control the biofilm thickness, morphology, and structure in 
denitrifying FBBRs as well as enhance biofilm strength. The DFBBRs were operated on a 
synthetic municipal wastewater at five different calcium concentrations ranging from 20 to 
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240 mg Ca2+/L at two different COD/N ratios of 5 and 3.5. It was found that Ca2+ 
concentrations played a significant role in biofilm morphology with the detachment rates for 
R120Ca, R180Ca, and R240Ca 90% and 70% lower than for R20Ca and R60Ca, respectively. The 
optimum influent Ca2+ concentration at both organic and nitrogen loading rates was 120 mg 
Ca2+/L, with higher concentrations exhibiting fractured and weak biofilms.  
The third study involved the use of the developed methodology to mitigate N2O 
emissions from denitrification processes. It was found that the N2O conversion rate at 
typical municipal wastewater Ca2+ concentration (R60Ca) was about 0.53% of the influent 
nitrogen loading, whereas the N2O conversion rates for R120Ca, R180Ca, and R240Ca were 0.34%, 
0.42%, and 0.41%, respectively. At the higher nitrogen loading, the N2O conversion rate of 
R60Ca increased three folds to 1.57% of the influent nitrogen loading. 
Finally, a biofilm calibration protocol was developed for biofilm one-dimensional 
(1-D) fully dynamic and steady-state biofilm simulation models. The developed calibration 
protocol sets a complete strategy to model particulate biofilm reactors and proposes a 
method to collect the data and translate it to useful information. The detailed calibration 
procedures presented here will not only help the process engineers design and retrofit plants 
but also plan sampling and monitoring requirements for process optimization. Sensitivity 
analysis was also used to identify the most important biofilm parameters and guide 
experimental measurements.  
 
 
Keywords: Fluidized Bed Biofilm Reactor, Biological Nutrient Removal (BNR), 
Nitrification, Denitrification, Biofilm, Nitrous Oxide (N2O) emissions, Biofilm model, 
Calibration Protocol.     
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CHAPTER  1  
INTRODUCTION 
1.1 Background 
Limited water resources and increasing urbanization require more advanced 
technologies to preserve water quality, reduce water pollution, and reclaim wastewater 
for reuse (Metcalf and Eddy, 2007). One of the most important factors affecting water 
quality is the enrichment of nutrients, i.e. organic matter, nitrogen, and phosphorus in 
water bodies (Romanski et al., 1997). Nitrogen is an essential building block in the 
synthesis of protein. Phosphorus is a key element to the growth of algae and other 
microorganisms (Metcalf and Eddy, 2007). 
Biological treatment is one of the most cost-effective means to reduce organic and 
nutrient content of liquid waste streams, prior to their final discharge to the environment. 
Although conventional biological treatment and reuse processes have been used 
successfully to control various nutrient contaminants, their applications are currently 
economically and practically challenged by increasingly stringent federal and provincial 
regulations for tertiary wastewater quality discharges. The application of particulate 
biofilm reactors for municipal and industrial biological wastewater treatment has gained 
considerable interest in recent years due to their inherent advantages of high biomass 
retention time, compactness, and high volumetric conversion rates. This type of reactors 
primarily used for the suspension of particulate biofilms in wastewater treatment 
processes are Biofilm Upflow Anaerobic Sludge Blanket (UASB), Fluidized Bed 
Bioreactors (FBBR), Expanded Granular Sludge Blanket (EGSB), Biofilm Airlift 
Suspension (BAS), and Internal Circulation (IC) reactors (Nicolella et al., 2000, Cui et al., 
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2004, Fahid et al., 2004, Bolton et al., 2006). Due to its high surface area and excellent 
biomass retention, FBBR have demonstrated numerous advantages over conventional 
systems including low footprint, excellent nutrient removal efficiency at low 
temperatures, and low sludge yields which may result in elimination of secondary 
clarification (Sutton et al., 1980, Cooper and Sutton, 1983, Nicolella et al., 2000, Shieh et 
al., 1986). 
Furthermore, nitrous oxide (N2O) is a significant anthropogenic greenhouse gas 
(AnGHG) emitted from BNR processes. During nitrification, N2O can be produced 
through the aerobic hydroxylamine oxidation pathway of ammonia oxidizing bacteria 
(AOB). The direct oxidation of hydroxylamine to NO is catalyzed by hydroxylamine 
oxidoreductase  (HAO) encoded by the heoAB genes, and reduced to N2O under the 
catalysis of c554 cytochrome (Cyt c554) (Chandran et al., 2011, Stein, 2011).  
During the denitrification process, N2O is one of obligatory intermediates in the 
biochemical reaction of heterotrophic denitrifying bacteria (HDN) where NO3-N is 
reduced to NO2-N and N2O, with N2O finally reduced to N2 gas (Hu et al., 2013). The 
reduction of NO3 to N2 involves six enzymes and reductases using five electrons 
(Desloover et al., 2012).  
However, the N2O emissions are estimated to account for 3.2% of the global 
anthropogenic N2O emission from wastewater treatment plants (WWTP) and considering 
the widespread use of BNR processes due to the rigorous effluent water quality standards, 
therefore, the emission of N2O during BNR processes of industrial and municipal 
wastewater cannot be ignored and the reduction of N2O emission needs to be explored 
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and a mitigation of the N2O emission in a biofilm processes is an important issue (Sahley 
et al., 2006, Kampschreur et al., 2009). 
1.2 Problem Statement 
Notwithstanding the fact that numerous FBBR configurations and system 
schemes are currently available for industrial and municipal wastewater treatment 
processes, it remains a major challenge to develop and optimize a stable bioparticles 
reactor system that is capable of offering effective and integrated functions, i.e. 
biodegradation, biomass-liquid separation, and biomass retention along with a substantial 
reduction of the N2O emission. However, wider applications of the FBBR technology in 
practice have been hindered largely due to biofilm detachment leading to performance 
instability, precipitating the need to explore different media and optimize the biofilm. 
This can be achieved through a thorough investigation of different media characteristics 
to optimize an integrated patented FBBR system, termed the Circulating Fluidized Bed 
Bioreactors (CFBBR), and study the impact of divalent cation of calcium (Ca2+) on the 
CFBBR biofilm. Furthermore, this proposed strategy was used to mitigate the emissions 
of N2O from the FBBR system. Additionally, the CFBBR process development can 
benefit immensely from the development of a biofilm model to simulate the biofilm 
dynamics in FBBR system including a calibration protocol for the existing simulation 
packages.  
1.3 Objectives 
In the present research, optimization, development, and modeling of the patented 
CFBBR system was undertaken. The specific objectives of this study were: 
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• Investigate the effects of different media bioparticles on the biofilm structure, 
morphology, thickness, and reactor performance of FBBR systems used for 
BNR from municipal wastewater.  
• Investigate the impact of a divalent cation (i.e. Ca2+) on the biofilm structure, 
morphology, thickness, and reactor performance of a denitrifying FBBR used 
for BNR from municipal wastewater, as well as delineating the relationship 
between biofilm characteristics and deleterious N2O emissions.   
• Development of a novel methodology to control the dynamics of biofilm 
thickness using divalent cation (i.e. Ca2+) dosage technique in the range of 20-
240 mg Ca2+/L to provide a stable biofilm thickness, structure, and 
morphology, in order to reduce the detachment rate in FBBR system.  
• Simulation and modeling the biofilm used in the CFBBR system numerically  
• Development of a calibration protocol of the biofilm numerical model.  
1.4 Thesis Organization 
This thesis encompasses twelve chapters and conforms to the “integrated-articles” 
format as outlined in the Thesis Regulation Guide by the School of the Graduate and 
Postdoctoral Studies (SGPS) of the University of Western Ontario. After an introduction 
in the first Chapter, a comprehensive literature review including the background and a 
thorough assessment of the information on the biological nutrient removal (BNR) from 
wastewater, fluidized bed bioreactor (FBBR), nitrous oxide (N2O) emissions from BNR 
systems, and modeling of biofilm reactors is presented in Chapter 2. In Chapter 3, the 
detailed description of the materials and methodology used throughout this work is 
provided.  
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Chapter 4 investigates the impact of particles properties on the biofilm morphology 
and structure. In this Chapter, the author investigates the energy consumption as a 
function of initial capital cost, fluidization energy cost, and replacement cost. Greater 
focus on the biofilm morphology and the change in the structure with the ultimate goal of 
developing a novel method to control the denitrifying biofilm in DFBBR system using 
divalent cations (i.e. Ca2+) is presented in Chapter 5.  
Chapter 6 discusses N2O emissions from DFBBR during denitrification of 
municipal wastewater, followed by presentation of a novel method to control N2O 
emissions from denitrifying biofilms using Ca2+ in Chapter 7. 
Chapters 8, 9, and 10 concentrate on mathematical modeling and simulation of 
biological nutrient removal using the CFBBR using the aforementioned technologies by 
the most used simulation software in the market for fixed-film processes, BioWin and 
AQUIFAS. In Chapter 8, a comprehensive study of biological Nutrient Removal from 
Leachate Using a Pilot Liquid-Solid Circulating Fluidized Bed Bioreactor (LSCFB) is 
presented and used as a case study for the mathematical modeling with a challenge to 
model the BNR from landfill leachate using FBBR. Chapter 9 presents a comparative 
modeling of the BNR process during the treatment of landfill leachate using BioWin and 
AQUIFAS. In Chapter 10, a calibration protocol to overcome the challenges of using 
available simulation software packages to model particulate biofilm processes, which 
would help the process engineers to model such systems, was developed.  
Finally, Chapter 11 summarizes the major findings of this study with 
recommendations for continuous improvements of the FBBR technology. 
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1.5 Contribution of Thesis 
The main goal of this study was to advance the commercialization of the patented 
CFBBR developed at Western, through improved understanding of fluidization energy 
requirements and their connection with media characteristics, better control of biofilm 
properties to affect increased biomass retention, lower detachment, and consequently 
higher loadings, and finally mitigation of N2O emissions widely recognized for its 
adverse impact on the carbon footprint of wastewater treatment systems. The significant 
contribution of this thesis stems directly from the achieved improvement of the biofilm 
stability and ensuing enhancement of FBBR performance, while simultaneously 
mitigating N2O emissions. Furthermore, the proposed model and calibration protocol are 
both necessary and helpful to successfully apply biofilm models both for research and 
design and optimization purpose. The detailed calibration procedures presented in this 
study will not only help the process engineers to design and retrofit plants but also plan 
sampling and monitoring requirements for process optimization.  
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CHAPTER  2  
LITERATURE REVIEW* 
2.1 Introduction 
Biological treatment is one of the most cost-effective means to reduce organic and 
nutrient content of liquid waste streams, prior to their final discharge the environment. 
Although conventional biological treatment and reuse processes have been used 
successfully to control various nutrient contaminants, their applications are currently 
economically and practically challenged by increasingly stringent federal and provincial 
regulations for tertiary wastewater quality discharges. The application of particulate 
biofilm reactors for municipal and industrial biological wastewater treatment has gained 
considerable interest in recent years due to their inherent advantages of high biomass 
retention time, compactness, and high volumetric conversion rates. This type of reactors 
primarily used for the suspension of particulate biofilms in wastewater treatment 
processes are Biofilm Upflow Anaerobic Sludge Blanket (UASB), Fluidized Bed 
Bioreactors (FBBR), Expanded Granular Sludge Blanket (EGSB), Biofilm Airlift 
Suspension (BAS), and Internal Circulation (IC) reactors (Nicolella et al., 2000, Cui et al., 
2004, Fahid et al., 2004, Bolton et al., 2006).  
Despite the fact that numerous bioreactor configurations and system schemes are 
currently available for a wide variety of environmental applications, it remains a major 
challenge to develop and optimize a stable bioparticles reactor system that is capable of 
offering effective and integrated functions, i.e. biodegradation, biomass-liquid separation, 
                                                
 
*!A version of this chapter has been published in Nova Publisher, ISBN: 978-1-61470-879-7!
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and biomass retention. Due to its high surface area and excellent biomass retention, the 
Fluidized Bed Bioreactors (FBBR) have demonstrated numerous advantages over 
conventional systems including low footprint, excellent nutrient removal efficiency at 
low temperatures, and low sludge yields which may result in elimination of secondary 
clarification (Sutton et al., 1980, Cooper and Sutton, 1983, Nicolella et al., 2000, Shieh et 
al., 1986). Therefore, this literature review intends to examine five distinct topics: 
biological nutrient removal, fluidized bed bioreactor, bioparticles and biofilm formation, 
nitrous oxide (N2O) emissions, and mathematical biofilm models.   
2.2 Biological Nutrient Removal 
Biological nutrient removal (BNR) processes typically consist of specific aerobic, 
and anoxic/anaerobic bioreactors. The bioreactors are classified on the basis of terminal 
electron acceptor utilized and variability of the nutrient substrate. In the aerobic 
bioreactor, oxygen is predominantly the electron acceptor, while in the anoxic bioreactor, 
nitrate acts as the electron acceptor. Combination of these bioreactor environments is the 
distinguishing feature of BNR system (Chowdhury, 2009, Metcalf and Eddy, 2003). 
Nitrogen in different types of wastewater can be transformed and removed by 
biologically mediated nitrification and denitrification as well as nitrogen uptake for cell 
synthesis. Oxidation of Ammonia nitrogen (NH3-N) to nitrite (NO2-) (Equation (2.1)) 
using ammonia-oxidation-bacteria (AOB), i.e. Nitrosomonas followed by conversion of 
nitrite (NO2-) to nitrate (NO3-) as shown in Equation (2.2) using nitrite-oxidizing-bacteria 
(NOB), i.e. Nitrobacter completes the nitrification process (Metcalf and Eddy, 2003).  
First step:              2NH4+ +3O2                                 2NO2- +2H2O+ 4H+…..Equation (2.1) 
Second step:           2NO2- + O2                                  2NO3-………..……..…Equation (2.2) Nitrobacter 
Nitrosomonas 
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Both Nitrosomonas and Nitrobactor, as autotrophic bacteria, can only develop 
biochemical activity in an environment containing dissolved oxygen. Based on the 
aforementioned stoichiometry, the theoretical amount of oxygen, needed to complete the 
reaction, is 4.57g O2/g N with a minimum of 7.14 g of alkalinity as CaCO3 for each g of 
ammonia nitrogen (Teske et al. 1994, Metcalf and Eddy, 2003). Therefore, nitrification is 
limited by the dissolved oxygen in the reactor environment and influenced by solids 
retention time (SRT), temperature, pH, and presence of toxic compounds (Randall et al., 
1992).  
Biological reduction of nitrate to nitric oxide, nitrous oxide, and nitrogen gas, 
performed by heterotrophic bacteria under anoxic conditions, is defined as denitrification 
(Metcalf and Eddy, 2003). Denitrifiers use nitrite and nitrate as electron acceptors and 
organic matter as carbon and energy source. Each step of denitrification may be 
represented by a half-reaction where e denotes electron equivalents transferred from the 
substrate (Henze et al., 2008): 
2!! + !!!! + 2!! !!!! + !!!…….……………. Equation (2.3) !! + !!!! + 2!! !! + !!!…………………… Equation (2.4) 2!! + 2!! + 2!! !!! + !!!……………… Equation (2.5) 2!! + !!! + 2!! !! + !!!…………………. Equation (2.6) 
 
The net reaction for complete denitrification is obtained by combining the above 
four equations as follows: 
10!! + 2!!!! + 12!! !! + 6!!!………..…… Equation (2.7a) 
Or 
equivalently,         0.2! !!! + 1.2!! + !!! 0.1! ! + 0.6!!!…….. Equation (2.7b) 
 
The biological nitrate reduction can be either a respiratory pathway, which is also 
called dissimilatory ammonification, or assimilatory ammonification, which denotes the 
Chapter 2. Literature review  12 
 
12
 
12 
reduction of nitrate to ammonia for the biosynthesis of nitrogenous compounds. These 
two pathways differ: (1) The enzymes of the respiratory pathways dissimilatory nitrate 
reduction to ammonia (DNRA) are integrated in cytoplasmic membranes or located in the 
periplasm (a space between the inner cytoplasmic membrane and external outer 
membrane of Gram-negative bacteria) or the equivalent space outside the inner 
membrane of Gram-positive bacteria and their synthesis is repressed by oxygen, whereas 
(2) The biosynthesis pathways use soluble enzymes, the synthesis of which is repressed 
by ammonia (Fletcher and Floodgate, 1973). According to Tiedje et al. (1988), DNRA is 
a major nitrate pathway in anaerobic digesters in which the nitrate reductase enzymes are 
within the cytoplasm. Several other researchers have also concluded that added nitrate in 
a strict anaerobic environment was mainly reduced to ammonia, while only a minor 
fraction was recovered as nitrogen gas (Ergun, 1952, Berge et al., 2005, Berge et al., 
2007, Mertoglu et al., 2006, Spagni et al., 2009). A number of obligate and facultative 
anaerobic, and microaerophilic, bacteria perform dissimilatory nitrate reduction to 
ammonium, mainly in carbon rich and low electron acceptor environments such as nitrate. 
Relative abundance of fermentative and obligate anaerobes such as ammonium formers, 
discovered in anaerobic environments is responsible for DNRA (Gibilaro et al., 1986). 
Assimilatory nitrate reduction occurs directly to eukaryotes. Additionally, organic 
nitrogen may be used further by bacteria and fungi to form ammonia (ammonification).  
2.2.1 Kinetic Models For Biological Nitrogen Removal 
2.2.1.1 Nitrification Kinetics  
The classical microbial growth kinetics model termed the Monod model is a simple 
empirical model that introduces the concept of a growth-controlling substrate. For 
nitrification systems operated at temperatures below 28°C, ammonia-oxidation kinetics 
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versus nitrite-oxidation kinetics are rate limiting, so that designs are based on saturation 
kinetics for ammonia oxidation as given in Equation (2.8) (Metcalf and Eddy, 2003). As 
a result generally very little nitrite (<1 mgN/L) is observed in the effluent from a plant 
operating on an influent that does not contain substances that inhibit NOBs or a plant that 
NOBs are purposely inhibited.  
µn =
µn,maxNa
KN + Na
− kdn ………………...……..Equation (2.8)
 
where µn is specific growth rate of nitrifying bacteria (g new cells/g cells.d), µn,max is 
maximum specific growth rate of nitrifying bacteria (1/d) at temperature T(°C) and KN is 
half saturation coefficient at temperature T(°C), and kdn is endogenous decay coefficient 
for nitrifying organisms at temperature T(°C) (g VSS/g VSS.d) and Na is bulk liquid 
ammonia concentration (mg/L). The values of µn,max, KN and kdn change based on 
temperature following Arrhenius law as shown in Equation (2.9). 
µn,max = µn,max, 20 θN( )
(T−20)
θN =1.123
KN = KN , 20 θN( )
(T−20)
kdn = kdn, 20 θk( )
(T−20)
θk =1.029
"
#
$
$
%
$
$
      Equation (2.9)  
As apparent from Equation (2.9), the effect of temperature on nitrification is stronger 
than the effect of temperature on endogenous respiration. For every 6°C drop in 
temperature the specific growth rate decreases to half and minimum SRT for nitrification 
doubles. Monod showed that the mass of organisms generated is a fixed fraction of the 
mass of substrate utilized and the specific growth rate (the rate of growth per unit mass of 
organisms per unit time) is related to the concentration of substrate surrounding the 
organisms (Henze et al., 2008) as shown in Equation (2.10). 
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YAOB =
massof nitrifiers generated (mgVSS)
massof ammoniaasN utilized (mgN ) =
ΔXAOB
ΔNa
……Equation (2.10) 
The differential state of the aforementioned equation in a very small time interval 
can be written as shown in equation (2.11).  
dXAOB
dt =YAOB −
dNa
dt
"
#$
%
&'
……………………Equation (2.11)
 
 On the other hand the growth rate is defined by the product of the specific growth 
rate and the AOB concentration (XAOB) (Equation 2.12). 
dXAOB
dt =
µn,maxNa
KN + Na
− kdn
"
#
$
%
&
'XAOB ……………..Equation (2.12)
 
The rate of ammonia (Na) conversion as well as nitrate (Nn) formation as shown in 
Equation (2.13).  
dNn
dt = −
dNa
dt =
1
YAOB
µn,maxNa
KN + Na
− kdn
"
#
$
%
&
'XAOB …….Equation (2.13)
 
Due to the presence of inhibitory substances and variations in experimental 
techniques, a wide range of maximum nitrification growth rates has been reported, 0.25-
0.77 g VSS/g VSS.d at 20°C, i.e. µn,max values for nitrifying organisms are much lower 
than the corresponding values for heterotrophic organisms, requiring much longer SRT 
values for nitrifying systems, 10-20 d at 10°C and 4-7 d at 20°C (Metcalf and Eddy, 
2003). Based on the aforementioned equations and mass balance over an ideal Chemostat 
process, Henze et al., (2008) derived Equations (2.14) and (2.15) for theoretical minimum 
sludge age for nitrification below which theoretically nitrification can not be achieved 
and the effluent ammonia concentration: 
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SRTm =
1
1+ KNNai
!
"
#
$
%
&µn,max − kdn
………………..Equation (2.14)
 
Na = Nae =
KN kdn +1 SRT( )
µn,max − kdn +1 SRT( )
…………….Equation (2.15)
 
Henze et al., (2008) stated that the effect of influent ammonia (Nai) on SRTm is 
very small because the magnitude of KN relative to Nai (<5%). Therefore substituting 
zero for KN/Nai yields Equation (2.16). 
SRTm =
1
µn,max − kdn
..……..…...………Equation (2.16)
 
where Nai is nitrogen ammonia concentration in the influent, Nae is the nitrogen ammonia 
concentration in the effluent and Na is the ammonia concentration in the bulk liquid and 
kdn is endogenous decay coefficient for nitrifying organisms at T(°C)(g VSS/g VSS.d). 
As shown in Figure 2-1, the minimum sludge age in nitrification process varies 
significantly at different temperature and slightly with the magnitude of inlet nitrogen 
concentrations. Unlike the effect of temperature, the effect of influent ammonia 
concentration (Nai) is very small simply because the value of KN is very small relative to 
the changes in concentration of inlet ammonia. However, at higher temperatures, the 
dependency of SRTmin on Nai is more considerable compared to the lower temperature. 
According to Figure 2-1, Equation (2.16) estimates minimum SRT precisely at Nai>10 
mg/L which is the case for most municipal wastewater treatment plants. 
Nitrification rates are affected by the liquid DO concentration. To account for the 
effect of DO, the expression for the specific growth rate is modified as follows (Metcalf 
and Eddy, 2003): 
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…………….....Equation (2.17)
 
 
Figure 2- 1: The variation of minimum sludge age for nitrification in different temperature and 
influent ammonia concentration 
 
where Ko is half-saturation coefficient for DO. At low DO concentrations (<0.5 mg/L) 
where nitrification rates are greatly inhibited, the low DO inhibition effect has been 
shown to be greater for Nitrobacter than for Nitrosomonas (Metcalf and Eddy, 2003).  
2.2.1.2 Denitrification Kinetics  
Heterotrophic denitrifiers utilize organic matter as energy source in different forms 
such as readily biodegradable organics (rbCOD), slowly biodegradable organic (sbCOD), 
and the slowly biodegradable organics generated through death and lysis of organisms 
(endogenous respiration). The sbCOD can be in the form of particulate or colloidal 
organic compounds. These organics have to be hydrolyzed to smaller readily 
biodegradable compounds, which then can be transferred to the microorganisms and 
utilized.  The extracellular sbCOD hydrolysis rate is slow in general and particularly 
much slower under anoxic condition (1/3 of aerobic hydrolysis rate) where oxygen is not 
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the electron acceptor (Stern and Marais, 1974, Van Haandel et al., 1981). Therefore the 
denitrification rate with influent rbCOD is much faster than with sbCOD and 
consequently rbCOD is the preferred organic for denitrification for a greater nitrogen 
removal. DelPozo and Diez (2003) suggested the minimum biodegradable soluble COD 
(bsCOD)/NO3-N based on Equation (2.18). 
grbCOD
gNO3 − N
=
2.86
(1−YH ,NOx )+ (1− fXI )YH ,NOx
……...Equation (2.18)
 
where YH,NOx is the anoxic yield coefficient and fXI is the fraction of inert COD (chemical 
oxygen demand) generated in biomass lysis. Nitrate serves as an electron acceptor in the 
same way as oxygen from a biokinetics perspective and thus the nitrate utilization rate 
(denitrification rate) is proportional to the substrate utilization rate. To apply biokinetic 
expressions for denitrification, the substrate utilization rate expression (rsu) is modified to 
account for the fact that only a portion of the biomass is active in the anoxic zone 
(Equation 2.19). 
rsu = −
kXSη
Ks + S
= −
µmax,HXSη
YH (Ks + S)
……………...Equation (2.19)
 
where η is the fraction of denitrifying bacteria in the biomass (g VSS/g VSS) and X is the 
concentration of active biomass in the system (mg VSS/L). Combination of Equations 
(2.19) and (2.20) yields the denitrification rate as shown in Equation (2.20). 
rNO3−N = −
(1−YH ,NOx )+ (1− fXI )YH ,NOx
2.86
"
#
$
%
&
'
µmax,HXη
YH
S
KS + S
….Equation (2.20)
 
Dissolved oxygen can inhibit nitrate reduction by repressing the nitrate reduction 
enzyme (Metcalf and Eddy, 2003), which can be expressed as shown in Equation (2.21) 
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rsu = −
kXS
Ks + S
"
#
$
%
&
'
NO3
Ks,NO3 + NO3
"
#
$$
%
&
''
KO
KO +DO
"
#
$
%
&
'η……..Equation (2.21)
 
where KO is DO inhibition coefficient for nitrate reduction (mg/L) and Ks,NO3 is half 
velocity coefficient for nitrate (mg/L). Values of 0.1-0.2 mg/L and 0.1 have been 
proposed for KO and Ks,NO3, respectively. 
2.2.2 Nitrification and Denitrification Microbial Communities 
The bacteria capable of denitrification are both heterotrophic and autotrophic. The 
heterotrophic organisms include Achromobacter, Acinetobacter, Agrobacterium, 
Alcaligenes, Arthrobacter, Bacillus, Chromobacterium, Corynebacterium, 
Flavobacterium, Hypomicrobium, Moraxella, Neisseria, Paracoccus, Propionibacterium, 
Pseudomonas, Rhizobium, Rhodopseudomonas, Spirillum, and Vibrio, of which 
Pseudomonas species are the most common and widely distributed of all the denitrifiers, 
and have been shown to use a wide range of organic compounds such as hydrogen, 
methanol, carbohydrates and VFAs (Payne , 1981, Metcalf and Eddy, 2003). Most of the 
aforementioned species are facultative aerobic organisms with the ability to use oxygen, 
nitrate, and nitrite. 
In a study conducted by Mohseni and Elliott (1998), the dominant denitrifying 
bacteria for methanol, ethanol, and acetic acid were species of P.fluoresence, 
P.mendocina, and P.stutzeri, which belong to Pseudomonas genus. This is in agreement 
with the results an older study by Blaszczyk et al. (1980).  
2.3 Emerging Biological Nutrient Removal Processes 
Autotrophic bacteria can grow heterotrophically if an organic carbon source is 
present and carry out denitrification and use hydrogen and reduced sulfur compounds as 
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electron donors (Gayle, 1989).  However, certain species of bacteria, heterotrophic and 
autotrophic nitrifying bacteria, are also capable of aerobic denitrification (Meiberg et al., 
1980). Heterotrophic nitrifying bacteria nitrify and denitrify simultaneously where 
ammonia is converted to gaseous nitrogen products (Robertson et al., 1998, van Niel, 
1991). Autotrophic nitrifying bacteria operate differently under aerobic and anoxic 
conditions. Under aerobic conditions, these bacteria oxidize the ammonia and when 
oxygen is not present, they oxidize ammonia by using nitrite with the production of 
nitrogen gas (Bock et al., 1995).  
Various novel biological nitrogen removal processes such as short-cut nitrification 
and denitrification, anaerobic ammonium oxidation (ANAMMOX), completely 
autotrophic nitrogen removal over nitrite (CANON) process and oxygen-limited 
autotrophic nitrification-denitrification (Oland) process, bio-augmentation batch 
enhanced treatment (BABE) and single reactor for high activity ammonia removal over 
nitrite (SHARON) have been developed exclusively (Verstraete and Philips, 1998). 
Nitrification is a sequential biological oxidation process, which involves two 
different groups of bacteria. The first step in nitrification is the oxidation of ammonia to 
nitrite over hydroxylamine (NH2OH), involving the membrane- bound ammonia mono-
oxygenase (AMO) and the hydrox-ylamineoxidoreductase (HAO), and is carried out by 
ammonia-oxidizing bacteria (AOB), the second group, nitrite-oxidizing bacteria (NOB), 
further oxidizes nitrite to nitrate (Peng and Zhu, 2006). Under normal conditions, the 
reaction of ammonia oxidation to nitrite is the rate-limiting step, in contrast, nitrite is 
oxidized rapidly to nitrate, so nitrite is seldom accumulated in nitrifying reactors. In 
partial nitrification processes, however, nitrite accumulation is required, and the second 
Chapter 2. Literature review  20 
 
20
 
20 
step must be restrained so as to accumulate AOB and washout NOB (Laanbrock and 
Gerards, 1993). Partial nitrification is based on the fact that nitrite is an intermediary 
compound in both nitrification and denitrification steps: a partial nitrification up to nitrite 
is performed followed by nitrite denitrification (Ferhan 1996, Fdz-Polanco et al. 2000). 
Chung et al., (2007) showed the benefits of shortcut nitrogen removal by comparing the 
stoichiometry for O2 and CH2O (representing the organic electron donor) as shown in 
Equations (2.22) and (2.23) (Chung et al., 2007).  
NH4+ + 1.5O2 (ammonium oxidizers) → NO2- + H2O + 2H+…. …..Equation (2.22) 
NO2- + 0.75CH2OH → 0.5N2 + 0.75HCO3- + 0.75 H+…. …Equation (2.23) 
 
Partial nitrification to nitrite and nitrite denitrification was reported to be 
technically feasible and economically favourable, especially when wastewater with high 
ammonium concentrations or low C/N ratios with high temperature is treated (Peng and 
Zhu, 2006).  
The bacteria in the ANOMMOX (Anaerobic AMMonium OXidation) process are 
different than the autotrophic nitrifying bacteria. ANOMMOX cannot use oxygen for 
ammonia oxidation. Under the anaerobic conditions the ammonia oxidation rate by 
Anommox was shown to be 6 to 10 times faster than that for Nitrosomonaseuropaea 
(Bock et al., 1995, Jetten et al., 1999). 
Side streams including the reject streams from the membrane, dewatering process 
and supernatant liquid from sludge digesters also contain a significant load of nutrients. 
Estimates of the nitrogen load from this side stream return range between 15% and 30% 
of the total nitrogen load on a process (Solley, 2000). As mentioned before, several 
relatively new processes have been developed to remove nitrogen in high-concentration 
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side streams from biosolids processing prior to recycling to the headworks of the publicly 
owned treatment works (POTWs), SHARON® (Single reactor system for High activity 
Ammonium Removed Over Nitrite), ANAMMOX®, CANON® (Completely Autotrophic 
Nitrogen removal Over Nitrite), InNitri® (Inexpensive Nitrification) (Warakomski et al., 
2006), and BABE® (Bio-Augmentation Batch Enhanced). In the SHARON® process 
(known as nitrogen removal over nitrite) ammonia oxidizing bacteria (AOB) are 
encouraged and nitrite oxidizing bacteria (NOB) hindered by operating at higher 
temperature of 30-35 °C, SRT being equal to HRT of 1-2d and lower oxygen 
concentrations of 1-2 mg/L. The products of SHARON® process are approximately 50% 
ammonia and 50% nitrite to be further denitrified by ammonia as electron donor in 
ANAMMOX® and CANON® processes or heterotrophic bacteria in SHARON® process.  
In the ANAMMOX process, also known as fully autotrophic nitrogen removal, 
nitrite and ammonia acts as an electron donor to convert nitrite to nitrogen gas. 
Autotrophic ANAMMOX bacteria are very slow growers with µmax of 0.069 1/d, which is 
significantly lower than nitrifying bacteria with µmax of 0.8 1/d. As a result very long SRT 
of 30-50 days are needed to facilitate ANAMMOX process. Moreover nitrite > 40 mg/L 
and free ammonia > 10 mg/L have inhibitory effects on ANAMMOX. The temperature 
for ANAMMOX process should be maintained within 30-35 C. 
Moreover, the BABE® process is comprised of a single batch reactor. Side stream 
waters high in ammonia content and return activated sludge (RAS) from the main 
biological treatment process are combined with previously settled sludge in the batch 
reactor at average temperature of 25 °C (STOWA, 2006). The RAS is used to augment 
the bacteria in the settled sludge. By utilizing a batch reactor, the long residence times 
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necessary to grow both the nitrifying and denitrifying bacteria are possible. There are five 
phases to the BABE® process: 1) filling, 2) mixing and aeration, 3) mixing, 4) settling, 
and 5) settling and decant (STOWA, 2006). The first two steps are done under aerobic 
conditions. The third involves mixing without aeration to achieve anoxic conditions. This 
condition is conducive to denitrification. Steps four and five complete the process. 
In many important waste treatment processes, the cells are aggregated either into 
flocs or biofilms. Some of these processes can be performed as suspended growth or 
attached growth processes. Suspended growth processes are the biological treatment 
processes in which the microorganisms responsible for the conversion of the wastes are 
maintained in suspension within the liquid.  
Attached growth or fixed-film processes are biological processes applied for 
waste mineralization, in which the microorganisms responsible for the conversion of 
organic matter or other constituents in the wastewater or air are attached to some inert 
solid surfaces. Attached-growth biological treatment processes are usually used to 
remove organic matter found in wastewater. It is also used to achieve biological 
conversion of nitrogen compounds (nitrification or denitrification) (Rittmann and 
McCarty, 2001, Gavrilescu and Macoveanu, 2000). 
2.4 Nitrification/Denitrification Particulate Biofilm Technologies 
The main reactor types applicable for the suspension of particulate biofilms in 
wastewater treatment processes are Biofilm Upflow Anaerobic Sludge Blanket (UASB), 
Fluidized Bed Bioreactor (FBBR), Expanded Granular Sludge Blanket (EGSB), Biofilm 
Airlift Suspension (BAS), and Internal Circulation (IC) reactors (Figure 2-2). In USB, 
BFB and EGSB reactors, particles are kept fluidized by the up-flowing influent. In BAS 
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reactors, an airlift suspension is obtained by pumping air into the system, whilst in IC 
reactors, the gas produced in the system drives the circulation and mixing of liquid and 
solids in the reactor (Nicolella et al., 2000). 
2.4.1 Biofilm Airlift Suspension (BAS®) Reactor 
The BAS® technology was originally developed for aerobic purification of 
aerobically treated industrial wastewaters (Heijnen, 1984, Heijnen et al., 1990, Heijnen et 
al., 1993). Airlift reactors consist of two connected sections, a riser and a downer (Chisti, 
1989). Different configurations are possible, including internal loop and external loop 
reactors. The principle of operation is the same for both configurations. A gas is sparged 
at the bottom, moves upward and exits at the top of the riser section as shown in Figure 
2-2d.  
In internal-loop airlift reactors, air may recirculate through the downer section and 
provide aeration throughout the reactor. Although the air is recirculating to the downer 
section, denitrification occurs in this part, albeit limited. The difference in density 
between riser and downer, due to the difference in gas hold-up, drives the liquid to 
circulate between the two sections.  
When the liquid velocity is sufficiently high, small particles will be suspended and 
recirculated with the liquid. This results in a thorough mixing of both particles and liquid 
throughout the reactor. The airlift technique has found two major applications in 
wastewater treatment processes, the Biofilm Airlift Suspension (BAS) reactor for aerobic 
treatment and the gas-lift reactor for anoxic/anaerobic treatment (Nicolella et al., 2000).  
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Figure 2- 2: Particulate biofilm technologies configurations (a) UASB (b) FBBR (c) EGSB (d) BAS 
and CIRCOX® (e) IC (Adapted from Nicolella et al., 2000) 
 
In general, in airlift reactors the biomass is immobilized on small (200-300 µm) 
carrier particles (Roessink and Eikelboom, 1997). The reason why a relatively very small 
media with average size of 0.09 mm to 0.3 mm is used in airlifts might be due to the 
limitation of minimum fluidization velocity provided by airlift. 
2.4.2 Internal Circulation Reactor (IC®) 
In fact the IC® reactor consists of two UASB reactors on top of each other, one high 
loaded and one low loaded as shown in Figure 2-2c. Its special feature is the separation of 
biogas in two stages. The biogas collected in the first stage drives a gas-lift creating an 
internal circulation, from which the reactor's name has been derived (Driessen et al., 
1997).  
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The influent is pumped into the reactor via a distribution system, where influent, 
recycled mixed liquor and effluent are well mixed. The first reactor compartment 
contains an expanded granular sludge bed, where most of the COD is converted into 
biogas. The biogas produced in this compartment is collected by the lower level phase 
separator and is used to generate a gas lift by which water and sludge are carried upward 
via the "riser" pipe to the gas/liquid separator on top of the reactor. Here the biogas is 
separated from the water/sludge mixture and leaves the system. The water/sludge mixture 
is directed downwards to the bottom of the reactor via the concentric "downer" pipe, 
resulting in the internal circulation flow. The effluent from the first compartment is post-
treated in the second, low loaded compartment, where residual biodegradable COD is 
removed. The biogas produced in the upper compartment is collected in the top three-
phase-separator, while the anoxic/anaerobic treated effluent leaves the reactor via 
overflow weirs. 
In principle, the IC® technology is suitable for treatment of all types of effluents 
that can be treated by the UASB process as it has already been applied on a large variety 
of industrial effluents (Driessen et al., 1997).  
2.4.3 CIRCOX® Airlift Reactor 
CIRCOX® airlift reactor consists of a cylindrical bottom part, incorporating another 
cylinder creating a riser and a downer as shown in Figure 2-2d. Air is introduced at the 
bottom of the reactor into the riser creating an internal circulation of wastewater and 
biomass going up in the riser and down in the downer. The driving force for this so-called 
airlift is created by density difference (because of air hold up) between the riser and the 
downer. The airlift provides the mixing and ensures optimal contact between wastewater 
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and biomass. The top part of the CIRCOX® consists of a settler in which the biomass is 
settled and allowed to flow back into the downer. 
The CIRCOX® uses biomass on a carrier in the form of basalt grains, which has 
excellent settling properties. This allows for effective separation of the wastewater and 
biomass whereas primary suspended solids pass through the system. In this way, a very 
high biomass concentration (10-40 g VSS/L) can be maintained in the reactor. Due to the 
good sludge retention the sludge age is very high, resulting in minimal excess sludge 
production. The high sludge age furthermore enables specialized growing 
microorganisms to be retained in the reactor, making the CIRCOX® technology 
especially suitable for biological conversion of difficult compounds like ammonia and 
xenobiotics (Mulder, 1992). 
2.4.4 Fluidized Bed Reactors (FBR) 
The fluidized bed reactor (FBR) is one kind of reactor that carries out mass 
transfer using the fluidization concept. At first it was mainly used in chemical unique 
superiority synthesis and petrochemical industry, afterwards because this kind of reactors 
showed in many aspects, it was considered in many other applications (Fan et al., 1989). 
Fluidized bed processes start with gas-solid fluidization, and extend to liquid-solid and 
gas-liquid-solid three-phase fluidization where different applications were encountered. 
Different flow regimes have been used in this type of reactor starting from fixed bed 
through a particulate fluidization, fast fluidization regime, transitional fluidization, and 
ends with the circulating fluidized bed.  
When a liquid/gas are pumped upward through a bed of solid particles at a 
different flow rate, the liquid/gas percolates through the void spaces without disturbing 
the bed, i.e. packed bed. If the upward flow rate is increased to an intermediate flow rate, 
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the bed expands and is in what it is known as expanded state. In fixed bed, the particles 
are in direct contact with each other and supporting each other weight. In the expanded 
bed, the particles have a mean free distance between them and the drag force of the liquid 
supports the particles. At this stage, the process is known as a fluidized bed (Liang et al. 
1997a).  
Conventional liquid fluidized beds have the disadvantages such as limited 
operating range, application problem, back mixing. To overcome these limitations a new 
type of liquid-solid fluidized bed was needed to catch up with the progress in industrial 
processes. This led to the inception of the liquid-solids circulating fluidized bed (LSCFB) 
(Jin et al. 1994). This type of reactor usually operates at a liquid velocity higher than the 
terminal settling velocity of the particles so that it would be necessary to feed new 
particles into the bed at the bottom or to separate the entrained particles from the top and 
recirculate them back to the bottom of the bed. A new regime, the liquid-solids 
circulating fluidization regime at which the LSCFB is operated was identified by Liang et 
al. (1997a).  
The LSCFB provides some key advantages over conventional fluidized bed, such 
as higher throughput, high fluid-solids contact efficiency, less back mixing, high heat and 
mass transfer rates, easy addition and withdrawal of solids into/from the fluidized beds 
(Liang et al 1997b). Progress in food technology, biochemical processing and wastewater 
treatment has attracted more interest in the handling of small and/or light particles. For 
handling large amount of small and/or light particles, transporting the particles in and out 
of the vessels continuously becomes necessary. Progress in petrochemical industries has 
also led to the need for new types of liquid-solid contactor in which catalyst particles 
Chapter 2. Literature review  28 
 
28
 
28 
easily deactivated must be circulated between the reactor and the regenerator for frequent 
regeneration (Liang et al 1995). To meet those requirements, a LSCFB with higher mass 
and heat transfer capacities than conventional fluidized bed, is a suitable choice but for 
efficient operation of this reactor system detailed study on hydrodynamics is needed.  
Compared to liquid solid fluidization, three-phase, i.e. gas-liquid-solid 
fluidization is defined as an operation in which a bed of solid particles is suspended in 
gas and liquid media due to the net drag force of the gas and / or liquid flowing opposite 
to the net gravitational force or buoyancy force on the particles. Such an operation 
generates considerable, intimate contact between the gas, liquid and solid particles in 
these systems and provides substantial advantages for applications in physical, chemical, 
or biochemical processes involving gas, liquid and solid phases.  
2.4.4.1 Fluidized Bed BioReactors and Wastewater  
Among the biological processes for industrial and municipal wastewater treatment, 
fixed film bioprocesses offer some advantages compared to the suspended growth 
systems such as lower hydraulic retention time, higher biomass retention time, higher 
volumetric conversion rates, higher resistance to toxic agents, lower sensitivity to 
temperature, and less sludge production rate (Keinath et al., 1977).  
Biological treatment using particulate biofilms has gained considerable interest in 
recent years due to more stringent regulations (Renou et al., 2008, Foo and Hamad, 2009). 
The main reactor types applicable for the suspension of particulate biofilms in wastewater 
treatment processes are Biofilm Upflow Anaerobic Sludge Blanket (UASB), Fluidized 
Bed Bioreactors (FBBR), Expanded Granular Sludge Blanket (EGSB), Biofilm Airlift 
Suspension (BAS), Moving Bed Bioreactor (MBBR), and Internal Circulation (IC) 
reactors (Nicolella et al., 2000, Cui et al., 2004, Fahid et al., 2004, Bolton et al., 2006). 
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The FBBR and EGSB reactors, particles are maintained in fluidized condition by the up-
flowing influent. In BAS reactors an airlift suspension is obtained by pumping air into the 
system, whilst in IC reactors the gas produced in the system drives the circulation and 
mixing of liquid and solids in the reactor (Nicolella et al., 2000). 
Fluidized bed bioreactor (FBBR) was developed by Weber and coworkers in 1973, 
to study the physicochemical treatment of raw sewage using granular activated carbon 
(Weber et al., 1973). In 1977, Jesis et al. (1977) employed a FBBR system to treat 
ammonia-rich wastewater using sand as a carrier media and observed that the ammonia 
removal efficiency depends on the total sand concentration in the fluidized bed (Jesis et al. 
1977). Since the early 1980s, fluidized bed bioreactors have been used for industrial and 
municipal wastewater treatment. Therefore, FBBR systems have emerged in recent years 
as one of the most promising devices for biological wastewater treatment (Nicolella et al., 
2000, Bolton et al., 2006). In such reactors, organic or inorganic pollutants in wastewater 
are removed by microbes, immobilized on the surface of the fluidized particles. The 
particles coated with biofilm are termed bioparticles. Biological wastewater treatment 
using fluidized bed bioreactors involve aerobic, anoxic, and anaerobic processes.  
One of the applications of the FBBR systems is the circulating fluidized bed 
bioreactor (CFBBR) technology, which consists of two fluidized bed bioreactors that 
utilize attached microbial films on a carrier media for BNR, was introduced and patented 
in 2005 by Nakhla and his coworkers (Nakhla et al., 2005, Cui et al., 2004, Patel et al., 
2006, Chowdhury et al., 2008, Chowdhury et al., 2009). The reactor with smaller surface 
area acts as an anoxic bioreactor where denitrification occurs and the aerated reactor with 
greater surface area is predominantly used for nitrification as well as aerobic utilization 
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of organics, which provided up to 4000 m2/m3 specific surface area. This specific surface 
area can only be achieved while using a very porous and fine particle, which cannot be 
easily handled in other technologies. 
This promising “fixed-film” nutrient removal technology achieved 95% carbon, 
85% nitrogen and 70% phosphorus removal in both lab and pilot scales (a pilot-scale 
CFBBR has been established at the Adelaide wastewater treatment plant in London, 
Canada in cooperation with Ontario Centre of Excellence (OCE), Trojan Technology and 
the City of London) with an overall retention time of less than 2.7 h and a very low 
sludge yield of 0.1 g VSS/g COD (Chowdhury et al., 2008, Chowdhury, 2009, 
Chowdhury et al., 2010).  
It is noteworthy that focusing on an extensive economic comparison of the 
alternative BNR options (Activated sludge (AS), MBBR and SBR) with the CFBBR for 
municipal wastewater treatment showed that the CFBBR technology achieves 
approximately 40±5% of reduction of capital costs and 50% reduction of treatment costs 
compared to AS, MBBR and SBR due to its small foot-print, absence of the primary 
clarifier, compact reactor sizes and reduced sludge handling and disposal costs as 
summarized in Table 2-1 (Chowdhury et al., 2012). 
Table 2- 1: Cost comparison for municipal wastewater treatment process for different BNR system 
(adapted from Chowdhury et al., 2012)  
Process 
Unit cost Construction 
costs 
(in millions $) 
O & M 
costs1 
(in 1000 $/yr) 
Materials 
costs2 
(in 1000 $/yr) 
Energy 
costs3 
(in 1000 $/yr) 
Amortization 
costs4 
(in 1000 $/yr) 
Capital* 
($/gpd) 
Treatment** 
($/1000 
gallon) 
CFBBR 4.1 1.4 10.8 313 430 140 418 
AS 6.7 2.8 17.4 330 1,565 119 636 
MBBR 7 2.3 18.2 391 928 161 677 
SBR 7.7 3 19.9 390 1,478 173 772 
*Unit capital cost = (Construction costs ÷ Flow); e.g (10,764,000 ÷ 2.6×106) = $4.14/gpd 
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**Unit treatment cost = {((O&M costs + Materials costs + Energy costs + Amortization costs) ÷ 
(365×Flow)}; e.g {(313,000 + 430,000 + 140,000 + 418,000) ÷ (365 × 2.6×103)} = $1.4/1000 gallon 
1O&M costs - estimated considering process operation labor @ $32/hr, process maintenance labor @ 
$32/hr, administration labor @ $25/hr, laboratory labor @ $20/hr  
2Materials costs - estimated considering chemicals (Hydrated lime [Ca(OH)2] @ $0.18/lb;  
Al2(SO4)3*14H2O @ $0.27/lb; Ferric Chloride @ $0.36/lb; Polymer @ $1.3/lb) usage, miscellaneous 
materials and supply, annual charge for landfill, and sludge disposal costs 
3Energy costs - estimated considering electricity consumption for plant operation at a rate of $0.1 per kWh 
e.g. pumping, UV-lamp, liquid recycling, sludge recycling, air-blower, thickener, digester etc. 
4Amortization costs - estimated considering an interest rate of 8% and replacement period of 20 years for 
mechanical item, 25 years for pump and 40 years for structural 
  
2.4.4.2 Fluidized Bed Bioreactor characteristics 
Bed porosity (ε) is the basic parameter characterizing the fluidized system. 
Richardson and Zaki (1954) defined the bed porosity as a function of the superficial 
velocity and the particle terminal settling velocity as shown in Equation (2.22). 
ε =
us
ut
!
"
#
$
%
&
1
n
……………………………Equation (2.22) 
where, us is the superficial velocity (LT-1), ut  is the bioparticle terminal settling velocity 
(LT-1), and n is the expansion index.  
Different types of forces are governing the fluidization of single particles 
including: gravity force, Archimedes buoyancy force, and drag force. Gravity force (W) 
is defined as shown in Equation (2.23) assuming that the aerodynamic equivalent sphere 
with diameter (d) for non-spherical particles while Archimedes buoyancy force ( bF ), is 
defined as shown in Equation (2.24).  
gdW pρ
π 3
6
= ….....………..........................Equation (2.23) 
Fb =
π
8 Cdd
2ρlV 2 …………………………… Equation (2.24) 
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The drag coefficient, Cd, is dependent upon Reynolds number (Re) and defined by 
three regions including the Stoke's Law region with 1Re ≤ , the transition region 
1000Re1 ≤< , and Newton's Law region 5102Re1000 ×≤<  as shown in Equations 
(2.25) and (2.26). 
Re
24
=DC       for       1Re ≤ ……………… Equation (2.25) 
1000Re001.0
Re
60.3
Re
24
313.0 <<+= forCD ..… Equation (2.26) 
In general when the velocity of a falling particle becomes constant, the 
summation of the drag force and buoyancy force equals to the gravity force which is 
defined as terminal settling velocity ( tu ) as shown in Equation (2.27). 
( ) 5.0
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ρ
ρρ
…………………… Equation (2.27) 
Transition between packed and fluidized bed is controlled by minimum 
fluidization velocity (Umf). The value of the Umf depends on the particles properties 
(shape, size and density) and system. For design purposes, it is important to be able to 
calculate the minimum fluidization velocity theoretically as shown in Equation (2.28) 
(Fan et al., 1989). 
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ρρερρ +
−
=−−=− Equation (2.28) 
where ρ is density of liquid, ρp is density of the particles, µ is viscosity of the liquid, UL, mf  
is minimum fluidization velocity, εmf is voidage at minimum fluidization, dp is diameter 
of the particles, and Φs is sphericity of the particle. 
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One of the important parameters in fluidized bed is the pressure drop. The 
pressure drop within the dense bed region, ΔP1, can be measured by a differential 
pressure transducer or simply a manometer connected to two pressure taps located at the 
top and bottom of the measuring section. The expanded bed height, Ht, can be determined 
by visual observation or by locating the minimum point in the dynamic pressure gradient 
versus height curve, as suggested by Fan (1989). Since the settled bed height, H0, is 
known before fluidization, the solid hold-up can be calculated as shown in Equation (2.29) 
tpackts HHH /)]1([1 0 εε −−=− ………………Equation (2.29) 
By a pressure balance, the measured pressure drop per unit length of the bed 
should be equal to the bed density, ρbed. Using Equations (2.30), (2.31), and (2.32), the 
volume fraction (solids hold-up) of each phase can be determined. 
ggllssbedgH
P
ρερερερ ++==
Δ
1
1 ………………Equation (2.30) 
1=++ gls εεε …………..…………Equation (2.31) 
ts
s
s AH
M
ρ
ε = ……………..………Equation (2.32) 
These equations are obtained either visually or from the measured pressure 
gradient (Bhatia and Epstein, 1974). Where ΔP1, is the pressure drop across the measured 
section of the bed and H1 is the bed height of measured section within the dense bed. 
Because ρg is about two orders of magnitude smaller than either ρf or ρs, the last term in 
equation above can be dropped. With the density of the three-phases given, the liquid 
phase hold-up can be obtained using Equation (2.33). 
fssf gH
P
ρρεε /)(
1
1 −
Δ
≅ …………...…..Equation (2.33) 
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2.5 Bioparticles Characteristics  
Supporting carrier particles characteristics, i.e. size, shape, density, porosity, 
roughness, and surface area play a significant role in the adhesion/detachment rate, all of 
which significantly impact BNR process performance. In addition, bioparticles affect 
capital investment and operational cost significantly (Tang and Fan, 1989). Different 
carrier particles have already been tested in anoxic/anaerobic fluidized bed bioreactors 
such as: sand, sepiolite, pumice stone, zeolite, lava rock, quartzite, alumina, resin, arlita, 
and kaolinite bead (Hao-Ran et al., 1983, Jeris, 1983, Rockey and Forster, 1983, Balaguer 
et al., 1997, Chowdhury et al., 2009). However, media selection was primarily based on 
reactor performance, i.e. substrate removal rate (Balaguer et al., 1997), or physical-
chemical parameters, i.e. specific surface area and roughness (Buffiere et al., 2000), with 
minimal focus on biofilm morphology (thickness and surface shape), detachment, and 
optimum fluidization energy all of which are critical for long-term stability.  
2.6 Biofilm Characteristics and Structure 
Biofilms are complex layers of microorganisms that coat surfaces exposed to 
substrates. Biofilms consist of many different types of microbial colonies including 
bacteria, fungi, algae, protozoa, and noncellular materials (Lewandowski et al., 2007, 
Davey and O’Toole, 2000). Biofilm accumulation is a dynamic process that is the net 
result of growth and the detachment processes and affected by several external factors, 
including wastewater composition and concentration, liquid velocity, concentration of 
particles, particle-particle collisions, and particle-wall collisions (Alves et al., 2002).  The 
microbial colonies excrete a matrix of extracellular polymeric substances  (EPS), which 
encloses the biofilm and protects the colonies from degradation, predation, antimicrobials, 
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aggregation, and toxins (Donian, 2002). Wingender et al. (1999) defined the composition 
of the EPS as a different class of macromolecules, i.e. polysaccharides, proteins, nucleic 
acids, lipids, and other polymeric compounds presents in the interior of various microbial 
aggregates. Soluble EPS, termed as soluble microbial products (SMP), consists of soluble 
macromolecules, colloids, and slimes. EPS also consists of insoluble materials produced 
by active secretion, shedding of cell surface material and cell lysis (Jang et al., 2005).  
2.6.1 Biofilm Formation 
Biofilm formation involves a series of distinct stages consisting of reversible 
attachment, irreversible attachment, maturation, and detachment. Biofilm attachment 
begins at the solid-liquid interface of the surface and wastewater surroundings. First, the 
bacteria weakly associates with the surface through Van-der-Walls forces. In order to 
make this attachment, the bacteria must overcome various repulsive forces at the solid-
liquid interface, such as electrostatic repulsion and hydrophobic interactions (Kjelleberg 
and Givskov, 2007). Substratum effects, the conditioning film, hydrodynamic strength, 
and other characteristics of the wastewater medium and cell surface enable the bacteria to 
overcome these repulsive forces and establish the initial reversible attachment. Several 
substratum effects of the solid surface appear to influence the effectiveness of the 
attachment and the ability of the bacteria to overcome the repulsive forces.  In the first 
step, the attachment is enhanced by increased surface roughness, which minimizes shear 
forces and increases surface area. Microorganisms also attach more competently and 
quickly to hydrophobic, nonpolar surfaces than hydrophilic, polar surfaces (Donian, 2002, 
Kjelleberg and Givskov, 2007, Wesley and Satheesh, 2009).  In addition to this, the 
exposure of the solid surface to the wastewater environment results in the adsorption of 
proteins, glycoproteins, proteoglycons, and polysaccharides leading to the formation of 
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the conditioning film. The adsorption of these molecules enables the initial attachment 
through chemical modifications of the interface, such as the changes in electric charge 
and hydrophobicity (Wesley and Satheesh, 2009). Hydrodynamic strength, especially in a 
fluidized bed, also greatly affects microbial adhesion to the solid-liquid interface by 
acting as a repulsive or attractive force, thereby influencing the rate of the attachment 
(Alves et al., 2002). A hydrodynamic boundary exists in the area of the interface where 
there is an insignificant flow velocity. The thickness of the boundary layer is dependent 
upon the linear velocity and the shear forces of the surrounding wastewater medium 
(Alves et al., 2002, Donian, 2002). Greater linear velocities and high shear force results 
in thinner boundary layers, denser biofilms, and more rapid bond with the surface. Low 
linear velocities and smaller shear forces produce thicker boundary layers and result in 
slower attachment. A greater linear velocity of the liquid enables the cells to cross the 
boundary effectively and attach to the surface (Wesley and Satheesh, 2009). Attachment 
to a surface is also affected by characteristics of the surrounding wastewater medium. 
Temporal variations such as nutrient composition and concentration, temperature, pH, 
and the strength of ionic interactions may affect the rate of microbial adhesion (Donian, 
2002).  
The third step in biofilm formation is maturation or the three dimensional growth 
of the biofilm. Following an irreversible attachment, the bacteria begin to grow and 
aggregate into microcolonies. More planktonic bacteria are recruited and additional 
microorganisms colonize. As the bacteria cultivate, extracellular polymers are produced 
and the bacteria become embedded in a highly hydrated matrix (Laskin et al., 2005). The 
microcolonies in the EPS matrix are separated by water channels and pores, that are 
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necessary for the diffusion of nutrients, oxygen, and debris within the biofilm. The 
hydrodynamic voids also enable the cells to communicate with one another through the 
exchange genes and quorum sensing (Kurladze, 2007).  
The final step of biofilm growth, detachment, results from the shedding of cells, 
changes in the environment, grazing (bacteria consumption of the outer surface of the 
biofilm), sloughing (large patch loss), erosion (liquid shear stress of the biofilm surface), 
and abrasion (collision of particles) (Bryers, 1987, Bryers and Charachlis, 1990). 
2.6.2 Biofilm Detachment 
Biofilm detachment is defined as a process by which material from the biofilm 
breaks and enters the suspended phase. Detachment is a complex phenomenon based on 
physical-chemical interactions of EPS, hydrodynamics of the liquid flow, biofilm 
morphology, and support characteristics (Chang et al., 1991). Bryers (1987) has 
distinguished four categories of the detachment process: erosion (removal of individual 
cells or small groups of cells from the surface of the biofilm), sloughing (detachment of 
relatively large particles of biomass), grazing (higher order organisms such as protozoa 
cause detachment due to film weakening resulting from predation on bacteria), and 
abrasion (biomass is continuously removed through collisions with other solid objects) 
(Bryers, 1987). Erosion can be viewed as a continuous process occurring uniformly over 
the surface of a biofilm, whereas sloughing is plainly a discrete process (Stewart, 1993). 
Other detachment processes, such as grazing and abrasion, are clearly the results of 
external forces acting on the biofilm. Several studies examine simultaneous erosion and 
sloughing phenomena, (Stoodley et al. 2001, Telgmann et al., 2004, Wilson et al., 2004) 
while others have investigated simultaneous erosion and abrasion (Kwok et al., 1997).   
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Since detachment is a balance between the shear forces applied to the biofilm 
surface and the cohesive properties of the biofilm itself, factors influencing biofilm 
detachment rates either increase the applied forces (hydrodynamic shear, collisions with 
particles) or change the cohesive strength of the biofilm (biologically mediated 
weakening, biofilm chemistry changes, formation of internal gas bubbles). In many cases, 
detachment has been studied to formulate a mathematical expression for the rate of 
detachment, which can be incorporated in biofilm modeling (Rittmann, 1982, Trulear and 
Characklis, 1982, Peyton and Characklis, 1993, Meyer, 2003) .  
Hydrodynamic shear as an external force, is an important factor present in all but 
the most quiescent biofilm systems and its effect has been characterized by several 
investigations. Rittmann (1982) and Trulear and Characklis (1982) performed initial 
works using rotating annular reactors to demonstrate that the detachment rate can be a 
function of the shear force experienced by biofilms. Greater measured shear forces, at 
higher rotational speeds, were related to a non-linear increase in the specific rate of 
detachment. Peyton and Characklis (1993) examined this relationship in greater detail to 
distinguish between short-term shear changes and steady-state conditions, suggesting that 
at steady-state, the magnitude of constant shear was not considered to be a significant 
predictor of detachment rate. All of the above authors recognized that different biofilm 
systems might have different dependencies on shear, which explains the contrasting 
findings. There are also a number of factors that can weaken cohesive properties of 
biofilms, leading to increased detachment. These, can generally be separated into external 
changes in the aqueous chemistry and biologically mediated mechanisms. Biofilms can 
be subjected to external chemical changes that influence detachment. An example of this 
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is where detachment of biofilms in industrial piping, promoted by application of 
oxidative antimicrobial chemicals such as chlorine, peroxo acids, iodophores and others 
that break chemical bonds and kill microorganisms (Meyer, 2003). However detachment 
is not induced by oxidative chemicals only and work by Chen and Stewart (2002) 
demonstrated that exposure of biofilms to various ionic species and other chemicals could 
modify the viscosity of homogenized biofilms leading to detachment in intact biofilms 
(Chen and Stewart, 2002).  
Lack of nutrients, especially those causing starvation, have been shown to be an 
important factor governing detachment. Sawyer and Hermanowicz (1998) measured 
detachment and nutrient depletion in a flow cell system, using microscopic image 
analysis by changing microcolony sizes. They concluded that detachment increased with 
the extent of nutrient depletion. A final biologically mediated detachment mechanism is, 
detachment caused due to grazing by eukaryotes such as ciliates, amoeba, flagellates, 
rotifers, and nematodes. Grazing results in the metabolism of ingested bacteria and a 
potential structural weakening of the biofilm causing additional shear-induced 
detachment. The loss of biofilm mass due to grazing can be significant as shown by the 
measurements carried out by Huws et al. (2005). The average steady-state biofilm 
thickness was observed to decrease from 200 µm to 50 µm when mixed community 
biofilms were exposed to ciliate Colpoda maupasi (Huws et al., 2005). It can also impact 
bioreactor performance significantly, as shown by Lee and Welander (1996), who found 
that grazing limited the nitrification performance of pilot moving bed biofilm reactors, 
due to the decrease in solids retention time (SRT) of the biofilms. They suggested that the 
effect of grazing applied a detachment pressure, leading to a more rapid turnover of cells 
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in the biofilm and this caused the slow-growing nitrifiers to be selectively washed out of 
the biofilm (Lee and Welander, 1996).   
A variety of empirical mathematical expressions have been developed to describe 
detachment rates. Equation (2.34) is a commonly applied detachment model which 
assumes a first-order dependency of detachment rate on biofilm mass and thickness. 
(Chang et al., 1991, Rittmann, 1982). 
δρisdi br = …………………..…………. Equation (2.34) 
where rdi is the detachment rate of component (i), bs is the biofilm detachment rate 
coefficient (day-1), ρi is the density of component (i) in the biofilm, and δ is biofilm 
thickness (cm). Wanner and Gujer (1986) used a second-order function of biofilm 
thickness (Equation (2.35)) to model biofilm detachment, using numerical simulation of 
multispecies population dynamics (Wanner and Gujer, 1986). 
        
2δρ isdi br = …………….……………. Equation (2.35) 
Rittmann (1982) developed simple equations for the detachment rate coefficient, 
in which shear stress was explicitly incorporated and can be estimated using Equations 
(2.36), (2.37), and (2.38) (Rittmann, 1982). 
    
58.021042.8 τ××= −sb …………….………. Equation (2.36) 
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where ρp and ρw are particle density and water density (g/cm3), g is gravity (cm2/s), ε is 
bed porosity, and a is specific surface area of biofilm carrier (cm-1). 
Chapter 2. Literature review  41 
 
41
 
41 
2.7 Effect of Divalent Cations on Biofilm 
Divalent cations, such as magnesium (Mg2+) and calcium (Ca2+), are a component 
of municipal wastewater that have been proven to influence activated sludge bioflocs and 
enhance the density and settling properties (Higgins and Novak, 1997a,b, Higgins et al., 
2004, Ahimou et al., 2007). Additionally, divalent cations have been shown to change the 
biofilm structure and detachment rate (Huang and Pinder, 1995, Körstgens et al., 2001, 
Ahimou et al., 2007), due to electrostatic interaction and bridging of negatively charged 
moieties of extracellular polymeric substances (EPS), as postulated by the divalent 
cations bridging theory (DCB) (Flemming and Wingender, 2001a,b). Simultaneously, 
divalent cations have an indirect role in attachment processes by acting as important 
cellular cations and enzyme cofactors (Flemming and Wingender, 2001a,b, Sobeck and 
Higgins, 2002, Kim and Jang, 2006, Song and Leff, 2006).  
Zita and Hermansson (1994) found that the increase in the ionic strength of the 
sludge bioflocs improved the sludge settling characteristics using a batch test for addition 
of potassium and calcium ions as an electrolyte. Cousin and Ganczarczyk (1998) found 
similar results in a batch study by adding NaCl as an electrolyte at a concentration of 30 
g/L. Moreover, Liao et al. (2001) found that the DCB theory explains the reduction of the 
sludge surface charge of settling bioflocs.  
While most of the studies on the impact of divalent cations have focused on 
suspended growth, i.e. activated sludge, there have also been few investigations on the 
biofilm systems that indicate the importance of the divalent cations. Turakhia and 
Characklis (1989) investigated a pure culture of Pseudomonas aeruginosa biofilms 
growing under different calcium concentrations of 0.4, 25, and 50 mg/L and observed 
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that the increase in the calcium ion concentration led to establishment of a thicker biofilm, 
due to the higher biofilm strength and lower detachment rate. It was further determined 
that calcium addition did not affect the specific growth rate for Pseudomonas aeruginosa. 
Applegate and Bryers (1991) also observed an increase in the biofilm accumulation for 
Pseudomonas putida ATCC 11172 biofilms with the increase in calcium concentration 
from 5 mg/L to 25 mg/L. This was observed in both oxygen and carbon limited biofilms, 
which further supports the finding that the observed enhanced growth was not a 
metabolically driven response.  
Since the divalent cations are hypothesized to enhance bonding, some 
investigations have tried to quantify the effect of divalent cations on the cohesive 
properties of biofilms. Körstgens et al. (2001) measured the compressive strength of 
mucoid Pseudomonas aeruginosa biofilms grown on agar plates at different calcium 
concentrations ranging from 5 mg/L to 50 mg/L, using a film rheometer at a compression 
speed of 1 µm/s, and observed that increasing the calcium ion concentration increased the 
Young’s modulus of the biofilm. Further evidence of the role of cations bridging in 
enhancing biofilm strength was presented by Stoodley et al. (2001), who observed and 
quantified the deformation of colonies through digital image analysis by time-lapse 
microscopy. Moreover, Song and Leff (2006) studied the effect of magnesium at different 
concentrations of 0-1 mM MgCl2 on the Pseudomonas fluorescens and found that the 
biofilm structures were heterogeneous. Ahimou et al. (2007) also found that biofilms 
grown at calcium levels of 10 mg/L were significantly more cohesive than the calcium-
free biofilm. All these studies suggested that the cations bridging is an important 
mechanism for the cellular cohesion in biofilms.  
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As one of the few applications of the divalent cations to enhance biofilm 
performance in the literature for a continuous flow system, an aerobic moving bed 
bioreactor (MBBR) system treating synthetic municipal wastewater at hydraulic retention 
time (HRT) of 2.6 hrs and studied by Goode and Allen (2011) showed that optimum  
Ca2+ concentration in the range of 0-300 mg Ca2+/L was 50 mg Ca2+/L, above which 
higher numbers of protozoa and metazoa were observed. The aforementioned authors 
also concluded that the biofilms became thicker and denser with larger anoxic zones. All 
the aforementioned studies utilized pure culture biofilms, aerobic environments, and in 
continuously stirred-tank reactors (CSTRs) and thus do not reflect the biological 
environment and the unique hydrodynamics regime of denitrifying fluidized bed 
bioreactor (DFFBR) system.  
2.8 Nitrous Oxide, Greenhouse Gases, and Process Sustainability  
Greenhouse gases (GHGs) are defined as a group of gases (water vapour (H2O), 
carbon dioxide (CO2), nitrous oxide (N2O), methane (CH4), and ozone (O3)) in the 
atmosphere that absorb and emit radiation within the thermal infrared range. Radiation of 
the aforementioned gases in the atmosphere leads to increase the temperature of the earth 
along with a potential change of the global climate. Each one of these gases has a 
different contribution to the greenhouse effect as shown in Table 2-2 (IPCC, 2001). 
During wastewater treatment, a fraction of CO2, N2O, and CH4 is produced and emitted to 
the atmosphere.  
Table 2- 2: GHGs contribution to the total effect 
Gas name Chemical formula Contribution (%) 
Water vapour  H2O 60 
Carbon dioxide CO2 26 
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Nitrous oxide N2O 3 
Methane CH4 3 
Ozone O3 8 
 
Nitrous oxide, commonly known as laughing gas, due to the euphoric effects of 
inhaling it, or sweet air is a chemical compound with the formula N2O. At elevated 
temperatures, nitrous oxide is a powerful oxidizer similar to molecular oxygen. Nitrous 
oxide gives rise to NO on reaction with oxygen atoms, and this NO in turn reacts with 
ozone. As a result, it is the main naturally occurring regulator of stratospheric ozone. N2O 
is an important greenhouse gas, having a 300- fold stronger effect than carbon dioxide 
(IPCC, 2001). Therefore, even low amounts of N2O emission are unwanted.  
Natural emissions of N2O primarily result from the bacterial breakdown of 
nitrogen in soils and in the earth’s oceans. On a global basis, it is estimated that natural 
sources account for over 60% of the total N2O emissions (IPCC, 2001). In North America, 
the major human-related sources of N2O are agricultural soil management, mobile and 
stationary combustion of fossil fuels, nitric acid production, livestock manure 
management, and human sewage (Environment Canada, 2007, USEPA, 2007). 
In wastewater treatment, N2O is emitted predominately from biological treatment 
processes as products of autotrophic and heterotrophic bacteria. During nitrification, N2O 
can be produced through the aerobic hydroxylamine oxidation pathway of ammonia 
oxidizing bacteria (AOB). This hydroxylamine, generated during ammonia oxidation, is 
oxidized to NO directly in the presence of a catalyst, i.e. hydroxylamine 
oxidoreductase  (HAO) encoded by the heoAB genes, and reduced to N2O under the 
catalysis of c554 cytochrome (Cyt c554) (Chandran et al., 2011, Stein, 2011). N2O also 
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can be produced through chemical decomposition of intermediates from the oxidation of 
NH4 to NO2 (Ritchie and Nicholas, 1972).  
During the denitrification process, N2O is one of the obligatory intermediates of 
the biochemical reaction by heterotrophic denitrifying bacteria (HDN) where NO3-N is 
reduced to NO2-N and N2O, with N2O finally reduced to N2 gas (Hu et al., 2013). The 
reduction of NO3 to N2 involves six enzymes and reductase using five electrons 
(Desloover et al., 2012). First, NO3 is reduced to NO2 by periplasmatic nitrate reductase 
(NAP) and membrane-bound nitrate reductase (NAR). Second, the reduction of NO2 to 
NO involves Cu-containing nitrite reductase (NirK) and cytochrome cd1 nitrite reductase 
(NirS). Using the nitric oxide reductase (NOR), NO is further reduced to N2O. Finally, 
N2O is reduced to N2 with the help of nitrous oxide reductase (NOS) as shown in Figure 
2-3 (Desloover et al., 2012). 
In autotrophic processes, ammonia oxidizers, like Nitrosomonas europaea, reduce 
NO2- to N2O and N2 under oxygen limiting conditions (Bock et al., 1995, Itokawa et al., 
2001, Zeng et al., 2003). N2O would also be produced through the chemical 
decomposition of intermediates such as: (1) NO2H or N2O from the reaction of 
NH4+oxidation N2O (Chalk and Smith, 1983), or (2) incomplete oxidation of NO2H 
(Hooper and Terry, 1979). Although Yoshinari (1990) reported that this chemical 
production of N2O occurs only in the presence of relatively high NO2 concentrations and 
rarely in activated sludge, some studies (Zeng et al., 2003, Shiskowski, 2004) concluded 
that the potential exists that N2O can be the dominant N2 end product, rather than N2, in 
the aerobic ammonia removal. 
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Figure 2- 3: Conceptual overview of the N2O production and consumption pathways of 
denitrification process including periplasmatic nitrate reductase (NAP), membrane-bound nitrate 
reductase (NAR), Cu-containing nitrite reductase (NirK), cytochrome cd1 nitrite reductase (NirS), 
nitric oxide reductase (NOR), and nitrous oxide reductase (NOS) 
 
In heterotrophic processes, N2O is released under low oxygen conditions with 
sufficient NO3- or NO2- and biodegradable organic carbon (Itokawa et al., 2001, Bonin et 
al., 2002). Two possible reasons for N2O generation are (1) a carbon limitation that 
prevents denitrification from reaching the N2 endpoint, and (2) selective inhibition of the 
N2O reductase enzyme that results in a net accumulation of N2O. This would occur in 
such circumstances as the presence of dissolved oxygen (Hwang et al., 2006, Noda et al., 
2003, Wicht, 1996), the existence of H2S (Schonharting et al, 1998, Sorenson et al., 
1980), a short sludge retention time (Noda et al., 2003, Wicht, 1996) and a relatively high 
salinity (Tsuneda et al., 2005). 
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The source and magnitude of N2O emissions in WWTPs are relatively unknown 
and subject of debate in the literature. N2O emissions are associated with several 
processes in wastewater treatment plants and the emission fluxes are extremely variable 
and depend on many operational parameters and environmental conditions (Kampschreur 
et al., 2009).  
 N2O emissions mostly occur during nitrification and denitrification. However, 
Czepiel et al., (2005) showed that 5% of N2O emissions at municipal wastewater 
treatment plant occur in grit tanks and another 5% in sludge storage tanks. During 
nitrification and denitrification, different parameters such as low DO concentration, 
increased nitrite concentration and low COD/N ratio were seen as the most important 
operational parameters leading to N2O emissions. For estimation of the N2O emissions 
from WWTPs, policy makers and water boards apply the Intergovernmental Panel on 
Climate Change (IPCC) guideline (IPCC, 2006). The IPCC is the leading international 
body for the assessment of climate change. In 2006, the IPCC decreased the standard 
N2O emissions factor from 1% to 0.5% of the nitrogen content of the effluent of a 
treatment plant (both factors are still used). The new IPCC (2006) guidelines assume that 
direct N2O emissions from WWTPs is a minor source of N2O emissions and the largest 
N2O emission from nitrogen in wastewater occurs by nitrification and denitrification in 
estuaries and rivers.  
The IPCC implicitly assumes that in general no nitrogen is removed during 
wastewater treatment. For countries with advanced centralized WWTPs, a much lower 
factor for the direct emission of N2O from WWTPs is applied by IPCC (2006), which is 
3.2 gN/capita⋅yr, based on one study in one small BOD removal WWTP by Czepiel et al. 
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(1995) corresponding to approximately 0.035% of the nitrogen load. The global N2O 
emissions from sanitary wastewater treatment was estimated at 0.22 TN/yr for 1990 
(Mosier et al., 1999), which is 3.2% of the total estimated anthropogenic N2Oemission 
and 1.3% of the total N2O emission (respectively, 6.9 and 16.4 TN/yr) (IPCC, 2001). 
Kampschreur et al., (2009) summarized several studies on N2O emissions from WWTPs. 
Emission data showed a huge variation in the fraction of nitrogen that is emitted as N2O, 
both in lab- scale (0-95% of the nitrogen load) and full-scale (0-14.6% of the nitrogen 
load) studies.  
Researchers have developed many control methods and strategies to achieve 
partial nitrification. The main objective of these methods and approaches was to 
accumulate AOB and washout NOB through different activation energies, and different 
sludge ages (Peng and Zhu, 2006).  
Raising temperature cannot only promote the growth rates of AOB, but can also 
expand the differences of specific growth rates between AOB and NOB. From the aspect 
of specific growth rate, only at temperatures above 25 °C is it possible for the ammonium 
oxidizers to effectively out-compete the nitrite oxidizers (Brouwer et al., 1996). But the 
opposite occurs at temperatures below 15 °C. 
Based on experiences from full-scale operation, Van Kempen et al. (2001) 
suggested maintaining SRT between 1 day to 2.5 days to washout NOBs, while retain 
AOBs. However, Peng and Zhu (2000) and Pollice et al. (2002) reported partial 
nitrification to nitrite under oxygen limitation, independent of sludge age at SRT of 10, 
14 and 40 days.  
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The dissolved oxygen half-saturation coefficients of AOB and NOB are 0.2-0.4 
mg/L and 1.2-1.5 mg/L, respectively (Picioreanu et al., 1997). Therefore, low DO 
concentration is more restrictive for the growth of NOB than AOB, which will result in 
nitrite accumulation. Garrido et al. (1997) found that both ammonium oxidation rate and 
nitrite accumulation reached maximum when DO was 1.5 mg/L. Below 0.5 mg/l of DO 
ammonium was accumulated and over 1.7 mg/L complete nitrification to nitrate was 
achieved (Ruiz et al., 2003). On the other hand, it should be noted that lower DO will 
lower nitrification rates and cause filamentous sludge bulking. Considering ammonia 
oxidation rate and nitrite accumulation, DO concentration should be maintained about 
1.0-1.5 mg/L using the intermittent aeration.  
2.9 Mathematical Biofilm Modeling 
Along with the growing interest in biofilm treatment processes, there have been 
numerous efforts towards their numerical analysis and modelling studies (Andalib et al., 
2010). Five mathematical classes, characterized by a mixed culture and biofilms models, 
have been published and presented as: analytical (A) (Wanner et al., 1996), pseudo 
analytical (PA) (Wanner et al., 1996), one-dimensional numerical (N1) (Wanner et al., 
2006), two-dimensional numerical (N2) (Boltz et al., 2010), and three-dimensional 
numerical (N3) (Xavier et al., 2005). These models vary in complexity from simple 
analytical models to multi and three-dimensional (3-D) dynamic models incorporating 
mass balance differential equations between the biofilm and various particulate and 
dissolved components of microbial cells, extracellular polymeric substance, organic and 
inorganic particles, nutrients, electron acceptors, and electron donors as a function of 
transport and transformation processes (Wanner et al., 1996).  
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For engineering design and analysis, a balance between the simplified and 
complex mechanistic approach is required. One-dimensional (1-D) fully dynamic and 
steady-state simulation models are widely used to simulate full-scale wastewater 
treatment plants (WWTPs) such as the stratified dynamic multi-species model introduced 
and implemented in contemporary simulation software (Wanner and Gujer, 1984, 
Wanner, 1986, Wanner et al., 1996, Xavier et al., 2005, Boltz et al., 2010) and Activated 
Sludge Models (ASM1, ASM2, ASM2d, ASM3) introduced by International Water 
Association (IWA) (Henze et al., 1995). The ASMs and biofilm models are available in 
several user-friendly forms, the most common of which are the Simba® (Ifak GmbH, 
Magdeburg, Germany), ASIM® (EAWAG, Switzerland), EFOR® (DHI Inc., Denmark), 
BioWin® (Envirosim Associates Ltd., Burlington, ON), GPS-X® (Hydromantis Inc., 
Hamilton, ON), AQUIFAS® (Aquaregen, Mountain View, CA), Pro-2D® (CH2M HILL, 
Inc., Colorado, US), STOAT® (WRc, Wiltshire, England), and WEST® (Mostforwater, 
Belgium). However, Simba®, ASIM®, and EFOR® are only developed for the 
suspended growth municipal wastewater treatment plants while BioWin®, GPS-X®, 
AQUIFAS®, Pro-2D®, STOAT®, and WEST® are developed for both suspended and 
attached growth systems (Eldyasti et al., 2011). 
In order to successfully apply any of these simulation packages, calibration is 
necessary. Peterson et al. (2002) defined the model calibration as the adaptation of the 
model to fit a certain set of information obtained from a practical wastewater treatment 
plant. A methodology of the ASMs calibration procedures has been defined by a number 
of researchers since 2002. Peterson et al. (2002) proposed a calibration procedure for 
ASM1 by defining the purpose of the model, followed by three main steps: design and 
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operational data collection, calibration of the steady state hydraulic and settler model, and 
dynamic calibration of the model. The Dutch Foundation of Applied Water Research 
(STOWA) in Netherlands simultaneously developed calibration protocols obtained from 
over 100 WWTPs and documented in a report entitled “STOWA calibration protocol” 
(Hulsbeek et al., 2002). Vanrollegham et al. (2003) proposed a calibration protocol for 
ASMs, which is called “BioMath-calibration protocol” and is based on consolidated 
engineering experience and scientific approaches. This protocol is composed of four main 
stages: (1) definition of the targets, (2) collection of detailed data including mass transfer, 
hydraulics, biological, and settling characterizations, (3) steady state calibration with 
sensitivity analysis, and (4) dynamic calibration and evaluation of the results.  
A similar calibration protocol was developed by Langergraber et al. (2004), which 
is called “Hochschulgruppe (HSG) protocol”. This guideline for the modeller engineers, 
consists of seven steps including the four aforementioned steps along with data quality 
control, evaluation of model structure, and evaluation of experimental design 
(Langergraber et al., 2004). Thus, calibration of ASMs have been successfully applied 
both in research and practice, and serve as the benchmark for new or expanded activated 
sludge models (Boltz et al., 2010). The comprehensive literature review demonstrates that 
no complete calibration protocols are readily available for the biofilm reactors that can 
serve as a benchmark for new or expanded biofilm models and serve as the basis for 
attached growth reactors (AGRs) process modules. The existing calibration protocols are 
developed for the ASM model only and cannot be applied to the biofilm model. The main 
challenges to develop a biofilm calibration protocol are simulation of the biofilm 
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hydrodynamics including voidage, pressure and media filling factors, kinetics and 
stoichiometry, biofilm properties, and the biofilm attachment/detachment rate the biofilm. 
Attached growth reactor (AGR) mathematical modeling is more complicated than 
suspended growth reactor (SGR) due to: (a) increased complexity in describing the 
pollutant biodegradation rate in the biofilm, which in turn depends on the intrinsic 
microbial degradation and growth kinetics in the biofilm, (b) the bioreactor 
hydrodynamic characteristics including the flow pattern and the impact of bulk-liquid 
hydrodynamics, voidage, pressure and filling factor, (c) liquid-solid mixing states, (d) 
varying detachment and attrition rates, and (e) boundary layer mass transfer, and bioﬁlm 
diffusional resistances and mass transfer (Nicolella et al., 2000, Boltz et al., 2010). 
Therefore, calibration of the biofilm models is significantly more intricate than SGR. A 
comprehensive literature review of biofilm modeling, calibration protocol, and 
calibration approach demonstrated that there are no readily available complete calibration 
protocols for biofilm reactors. The existing calibration protocols have been developed for 
the ASM model only and cannot be applied for biofilm models (Boltz et al., 2010).  
2.10 Synopsis of Literature Reviewed  
The application of particulate biofilm reactors for municipal and industrial 
biological wastewater treatment has gained considerable interest in recent years due to 
their inherent advantages of high biomass retention time, compactness, and high 
volumetric conversion rates. Despite the fact that numerous bioreactor configurations and 
system schemes are currently available for a wide variety of environmental applications, 
it is clear that there is a lack of knowledge and a major challenge to develop and optimize 
a stable bioparticles reactor system that is capable of offering effective and integrated 
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functions, i.e. biodegradation, biomass-liquid separation, controlled biomass retention, 
and minimizing the N2O emissions.  
Due to its high surface area and excellent biomass retention, the Fluidized Bed 
Bioreactors (FBBR) has demonstrated numerous advantages over conventional systems 
including low footprint, excellent nutrient removal efficiency at low temperatures, and 
low sludge yields which may results in elimination of secondary clarification  
Therefore, there is a pressing need to fully investigate the effects of different 
media bioparticles on the biofilm thickness, morphology, structure, and the energy 
consumption used for fluidization as well as develop a novel methodology to control 
biofilm thickness and bioparticles dynamics. Furthermore, investigation of N2O emission 
and conversion rates in DFBBR as well as mitigation measures is warranted to improve 
the design and operation of such systems.  
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CHAPTER  3  
MATERIALS AND METHODS 
 
The materials and analytical methodology, used in this study, will be described in 
this chapter including: landfill leachate, synthetic municipal wastewater, and the 
bioreactor configurations of LSCFB, CFBBR, and DFBBR. Additionally, scale up unit of 
the CFBBR will be described as part of this thesis and defined as “Mobile unit of 
Horizontal CFBBR (MH-CFBBR)”. It is noteworthy that the MH-CFBBR system is still 
under the commissioning and testing stage and it is presented in this study as a part of my 
work of scaling up and marketing for FBBR systems. 
3.1 Materials 
3.1.1 Systems Description  
3.1.1.1  Pilot-Scale LSCFB 
A schematic of the pilot-scale LSCFB shown in Figure 3-1, was fabricated using a 
20 cm internal diameter (ID) and 6.0 m high acrylic column (riser) and a 50 cm ID and 
3.0 m high steel column (downer). The pilot-scale reactor was installed at Adelaide 
Pollution Control Plant, London, Canada. The column diameters and heights were 
estimated based on the particle settling velocity of 6.9 cm/s in the riser, minimum 
fluidization velocity of 0.18 cm/s in the downer, and hydraulic retention times (HRTs) of 
0.7 h and 1.33 h in the riser and the downer respectively. Liquid-solid circulation 
between the riser and the downer was maintained using the riser-downer and downer-
riser connecting lines. Air was injected at the bottom of the downer through an air 
distributor. The distributor was made of three perforated rings (22 mm ID) of 0.42, 0.29, 
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and 0.15 m diameter with orifices pointing downward. The orifice size was 3 mm and the 
numbers of orifices were 276, 180, and 108 respectively. Table 3-1 shows the detailed 
operational conditions and reactors design parameters of the LSCFB. When the 
superficial liquid velocity exceeds particle terminal settling velocity, liquids and particle 
move co-currently upwards to the top of the riser and are separated by the large cone-
based cylindrical separator. Both the settled particles and liquid then flow to the top of 
the downer by gravity. A programmable logic controller (PLC), Micrologix 1100 
Processor (61F-GP-N8, OMRON, Osaka, Japan) was installed to control recirculation 
volume, air flow, and sludge wastage.  
 
Figure 3- 1: (a) Schematic and (b) 2-D view of the pilot-scale LSCFB 
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Figure 5-1: (a) Schematic and (b) 2-D view of the pilot-scale LSCFB 
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The downer was operated in a conventional fluidization regime (by recirculating 
the liquid from the downer liquid-solid separator) where a counter-current flow of liquid 
and solid is attained, as the liquid moves upward and solids downward. Due to the high 
abrasion in the three-phase (air, solids, and liquid) medium, the biofilm is sheared from 
the particles coming from the riser liquid-solid separator, thus increasing settling velocity 
and affecting particle recirculation back to the riser through a connecting pipe to allow 
continuous particle circulation in the riser column from the downer column.  
Thus, the riser primarily serves as an anoxic reactor where denitrification of the 
aerobically nitrified downer effluent is achieved. When readily biodegradable COD 
concentration in the influent exceeds the denitrification requirement, then anaerobic 
phosphorus release also occurs in the riser. The riser effluent then undergoes further 
organic removal and nitrification in the aerobic downer.    
Table 3- 1: Operating conditions at different flow rates 
 
3.1.1.2 DFBBR 
The DFBBRs, depicted in Figure 3-2, comprise five identical plexi-glass reactors 
with heights of 100 cm and internal diameters of 2.54 cm corresponding to a working 
 
 
3 
Table 5-2: Operating conditions 
 
 Phase I Phase II Phase III 
Influent flow, Qin (L/d) 650±35 720±35 864±35 
Average organic loading (kg COD/(m3·d)) 1.90 2.15 2.60 
Average nitrogen loading (kg N/(m3·d))  0.60 0.68 0.81 
Average phosphorus loading (kg P/(m3·d)) 0.010 0.014 0.016 
Riser-Riser recirculation ratio (Qr-r/Qin) 69 62 52 
Downer-Riser recirculation ratio (Qd-r/Qin) 34 31 26 
Downer-Downer recirculation ratio (Qd-d/Qin) 77 70 58 
Empty Bed Contact Time (d)*                                                                               Anoxic                                                                
Aerobic 
0.12
0.43 
0.11 
0.38 
0.09
0.32 
 
Nominal HRT (d)**                                      Anoxic                                                                  
Aerobic 
0.08
0.29 
0.07 
0.25 
0.06
0.21 
 
Food/microorganisms ratio (g COD/g VSS·d)                                         0.18 0.20 0.21 
Run time (d) 40 32 22 
 
*EBCT = Vcompact/Q; **Nominal HRT = EBCT × (1- compact bed porosity) 
 
 
 
Table 5-3: Influent and effluent characteristics for different phases 
 
Parameter Influent* Effluent
* 
Phase I Phase II Phase III 
pH 7.9-8.8 6.9-7.9 7.2-8.2 7.6-8.1 
Alkalinity** 1619±52 311±69 323±71 296±57 
COD (mg/L) 1259±77 195±35 197±46 302±98 
SCOD mg/L) 1025±270 149±39 153±43 245±85 
NH4-N (mg/L ) 360±59 34.6±8.2 35.4±13.1 54.7±11.2 
NO3-N (mg/L) 3.1±1.5 57.5±10.5 59.9±31.1 63.9±10.3 
TKN (mg/L) 392±64 41±8 49±15 92±23 
PO4-P (mg/L) 3.4±1.1 1.0±0.2 1.0±0.2 1.2±0.5 
TP (mg/L) 6.2±1.3 1.9±0.6 1.7±0.3 2.0±0.6 
TSS (mg L) 263±42 56±5 60±13 58±8 
VSS (mg/L) 156±30 38±5 37±5 44±8 
BOD (mg/L) 565±121 85±16 83±13 98±18 
SBOD (mg/L) 402±83 32±9 35±8 40±12 
*Average ± SD (number of samples, 8-12); **(mg CaCO3/L) 
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volume of 507 ml. A layer of stainsteel balls was added to the bottom of each reactor to 
ensure uniform liquid distribution and approximately each DFBBR was charged with 40 
g (dry weight) of media with an average particles diameter size (dm) of 600-850 µm, 
implying same shear stress and detachment forces (Shieh and Keenan, 1986, Gjaltema et 
al., 1997).  
 
Figure 3- 2: Schematic diagram of the lab-scale DFBBR 
 
The synthetic wastewater and recycled effluent were pumped into the bottom of 
each FBBR through peristaltic pumps (Masterflex I/P, Masterflex AG, Germany) to 
fluidize the media at the same initial shear force governed by the bed voidage and bed 
height for all bioreactors. In order to measure the recirculation flow rates of each 
bioreactor, the liquid recirculation flow rate was monitored using a tachometer (Ametek 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6-1: Schematic diagram of DFBBRs  
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1726, US). The detailed operational conditions of the DFBBRs were controlled by 
maintaining liquid recirculation. Superficial liquid velocity of 1.8±0.1 cm/s was 
maintained in each bioreactor. Minimum fluidization velocity (umf) was 0.36 cm/s and the 
terminal settling velocity (ut) was 5.3 cm/s for each bioreactor. Anoxic conditions were 
monitored in the DFBBRs by oxidation-reduction potential (ORP) measurement. The 
reactor ORP, pH, and temperature were monitored using ORP meters (DPD1P5, pHD Sc 
Digital Differential pH/ORP Sensor, Loveland, USA). The process temperature was 
maintained at 20±3°C throughout the study. Excess biomass was collected with the 
effluent VSS that was measured during routine measurement of the continuous DFBBR 
system.  
3.1.1.3 N2O-DFBBR 
Anoxic fluidized bed bioreactor comprised of a plexi-glass reactor of a total 
working volume of 507 ml with a height of 100 cm and an internal diameter of 2.54 cm 
was used and sealed to collect the denitrification gaseous byproducts from a headspace 
volume of 101 ml, i.e. the total reactor volume was 608 ml. In order to maintain a 
uniform liquid distribution, a layer of stainsteel balls was added to the bottom of the 
reactor with an average diameter of 1 mm as shown in Figure 3-3.  
The reactor was charged with a natural zeolite that was produced by Bear River 
Zeolite Inc. USA, with a total dry weight of 40 g and an average particles diameter size 
(dm) of 600-850 µm. The dry bulk and true density of the natural zeolite were 944 kg/m3 
and 2496 kg/m3, respectively with a specific surface area determined by BET (Brunauer, 
Emmett, and Teller Theory) (Micrometrics ASAP 2010, Micrometrics Co., USA), of 15.5 
m2/g with internal and external porosities of 16% and 46%, respectively. 
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The SMW and recycled effluent were pumped into the bottom of the DFBBR 
through peristaltic pump (Masterflex I/P, Masterflex AG, Germany) to fluidize the media. 
In order to measure the recirculation flow rate, the liquid recirculation flow rate was 
monitored using a tachometer (Ametek 1726, US). 
 
Figure 3- 3: Schematic diagram of the lab-scale N2O-DFBBR 
 
The detailed operational conditions of the DFBBR were controlled by maintaining 
liquid recirculation. Superficial liquid velocity of 1.8±0.1 cm/s was maintained. 
Minimum fluidization velocity (umf) was 0.36 cm/s and the terminal settling velocity (ut) 
was 5.3 cm/s.  
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3.1.1.4 MH-CFBBR 
A schematic of the Mobile unit of Horizontal CFBBR (MH-CFBBR) shown in 
Figure 3-4, was fabricated using a 65 cm internal diameter (ID) and 3.6 m high column 
(riser) and a 125 cm ID and 3.7 m high column (downer) of high-density polyethylene 
(HDPE). The MH-CFBBR was placed on a movable full size trailer of 53` drop van as 
shown in Figure 3-5.  
 
Figure 3- 4: Schematic diagram of MH-CFBBR 
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The column diameters and heights were estimated based on the particle settling 
velocity of 6 cm/s in the riser, minimum fluidization velocity of 0.2 cm/s in the downer, 
and hydraulic retention times (HRTs) of 0.8 h and 2 h in the riser and the downer 
respectively. Liquid-solid circulation between the riser and the downer was maintained 
using the riser-downer and downer-riser connecting lines. Air was injected at the bottom 
of the downer through a fine bubbles air distributor. 
 
Figure 3- 5: The MH-CFBBR at the movable full size trailer of 53` drop van 
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When the superficial liquid velocity exceeds particle terminal settling velocity, 
liquids and particle move co-currently upwards to the top of the riser and are separated by 
the large cone-based cylindrical separator. Both the settled particles and liquid then flow 
to the top of the downer by gravity. A programmable logic controller (PLC), Micrologix 
1100 Processor (61F-GP-N8, OMRON, Osaka, Japan) was installed to control 
recirculation volume, air flow, and sludge wastage. The MH-CFBBR was moved to 
tested with a municipal wastewater at Adelaide Pollution Control Plant, London, Canada 
as shown in Figure 3-6. 
 
Figure 3- 6: MH-CFFBR system at Adelaide treatment plant, London, ON, Canada 
 
The downer was operated in a conventional fluidization regime (by recirculating 
the liquid from the downer liquid-solid separator) where a counter-current flow of liquid 
and solid is attained, as the liquid moves upward and solids downward. The MH-CFBBR 
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was followed with a tube settler module to test the ability of the demonstration unit of 
MH-CFBBR to achieve less than 30 mgTSS/L.  
3.1.2 Wastewater Feed  
3.1.2.1  Landfill Leachate  
Landfill leachate collected from the W12A Landfill in London, Ontario, Canada 
was used to test the LSCFB for BNR. The leachate characterized predominantly by a 
carbon to nitrogen ratio of 3:1, TCOD/VSS ratio of 8:1 and TBOD/TCOD of 0.44 with 
different influent flow rates from 650 L/d to 720 L/d  and ultimately to 864 L/d as shown 
in Table 3-2. 
Table 3- 2: Landfill leachate characteristics used in LSCFB 
 
 
3.1.2.2 Synthetic Municipal Wastewater (SMW)  
A synthetic municipal wastewater (SMW) was prepared using tap water combined 
with concentrated stock solutions of CH3COONa (as carbon source), NaNO3 (as nitrogen 
source), and KH2PO4 (as phosphorus source) as well as a mineral stock solution at a 
volumetric ratios of 1:0.005, 1:0.001, and 1:0.001 respectively. The three concentrated 
 
 
4 
Table 5-3: Influent and effluent characteristics for different phases 
Parameter Influent* Effluent
* 
Phase I Phase II Phase III 
pH 7.9-8.8 6.9-7.9 7.2-8.2 7.6-8.1 
Alkalinity** 1619±52 311±69 323±71 296±57 
COD (mg/L) 1259±77 195±35 197±46 302±98 
SCOD mg/L) 1025±270 149±39 153±43 245±85 
NH4-N (mg/L ) 360±59 34.6±8.2 35.4±13.1 54.7±11.2 
NO3-N (mg/L) 3.1±1.5 57.5±10.5 59.9±31.1 63.9±10.3 
TKN (mg/L) 392±64 41±8 49±15 92±23 
PO4-P (mg/L) 3.4±1.1 1.0±0.2 1.0±0.2 1.2±0.5 
TP (mg/L) 6.2±1.3 1.9±0.6 1.7±0.3 2.0±0.6 
TSS (mg L) 263±42 56±5 60±13 58±8 
VSS (mg/L) 156±30 38±5 37±5 44±8 
BOD (mg/L) 565±121 85±16 83±13 98±18 
SBOD (mg/L) 402±83 32±9 35±8 40±12 
*Average ± SD (number of samples, 8-12); **(mg CaCO3/L) 
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stock solutions contained 150 g CH3COONa/L, 100 g NO3/L, 20 g KH2PO4/L and the 
mineral salt stock solution contained 75 mg NiCl·6H2O/L, 75 mg CoCl2·6H2O/L, 200 mg 
CuCl·2H2O/L, 125 mg ZnCl2/L, 1250 mg MnCl2·4H2O/L, 750 mg FeCl3·6H2O/L, 200 
mg (NH4) 6Mo7O24·4H2O/L, 125 mg H3BO3/L, 40 g MgSO4·H2O/L, and 6 g 
CaCl2·H2O/L. As evident from Table 3-3, a COD to nitrogen ratio of 5:1 as opposed to 
the 10:1 typical of municipal wastewater was maintained in the synthetic municipal 
wastewater. 
Table 3- 3: Influent characteristics for different media 
 
 
To prepare different calcium concentrations, a synthetic municipal wastewater 
(SMW) prepared using tap water, which contained 20 mgCa2+/L, combined with different 
amount of concentrated stock solutions of CaCl2 at a concentration of 10 gCa2+/L. Four 
Ca2+ concentrations over and above the ambient Ca2+ concentrations in tap water in 
increments of 60 mgCa2+/L were tested. Therefore, the Ca2+ concentrations for 
bioreactors were 20, 60, 120, 180, and 240 mgCa2+/L.  
 
 
1 
Table 4-1: Influent and effluent characteristics for different media 
Parameter  Influent* Effluent
* 
MX MB NZ LR 
DO (mg/L) ----- 0.30 0.30 0.30 0.30 
ORP (mv) ----- -79 -80 -85 -80 
pH  7.70 8.21 8.44 8.84 8.28 
Alkalinity** 255 355 364 367 357 
TCOD (mg/L)  149±3 50±4 34±6 33±4 49±4 
SCOD (mg/L)  123±9 36±5 20±4 21±5 33±8 
TBOD (mg/L) 88±11 31±5 20±6 22±4 28±9 
SBOD (mg/L) 76±14 20±8 12±4 13±3 18±10 
NO3-N (mg/L) 30±4 1.4±0.6 0.1±0.6 0.1±0.4 1.5±0.4 
NO2-N (mg/L) 0.013±0.03 0.09±0.06 0.06±0.06 0.15±0.02 0.08±0.07 
TN (mg/L) 30.4±1.9 3.4±1.0 2.3±0.5 2.2±0.8 3.6±1.2 
PO4-P (mg/L) 1.0±0.2 0.7±0.1 0.6±0.2 0.6±0.1 0.7±0.4 
TP (mg/L) 1.2±0.4 0.9±0.4 0.8±0.3 0.8±0.1 0.8±0.7 
TSS (mg/L) 17±2 30±3 20±3 19±3 29±4 
VSS (mg/L) 14±2 22±3 14±3 16±3 23±3 
mg VSS/g media  ----- 21±2 43±4 46±2 30±3 
C:N:P  5:1:0.1 
*Average ± SD (a number of samples 40 with a frequency of a sample every 4 days); **(mg CaCO3/L) 
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3.1.3 Particles Properties  
The artificial (MX and MB, Maxi-Blast Inc., Canada) and natural particles (NZ 
and LR produced from Bear River Zeolite Inc. and Zeox Mineral Materials Corp., USA) 
had different dry and true density in the range of 719 kg/m3 to 1142 kg/m3 and 1363 
kg/m3 to 2685 kg/m3, respectively. Based on the optimum media diameter of the FBBR 
proposed by Shieh and Keenan (1986) based on denitrification reaction time and attached 
biomass concentration of 700 µm, the same average diameter (dm) of 600-850 µm was 
used for all media. Specific surface area (Table 3-4) determined by BET (Brunauer, 
Emmett, and Teller Theory) (Micrometrics ASAP 2010, Micrometrics Co., USA), varied 
from 0.72 m2/g to 15.5 m2/g. The sphericities (ϕ) of MX, MB, NZ, and LR determined by 
Equation (3.1) proposed by Wadell (1933) were 0.6, 0.9, 0.9, 0.5, respectively   ! = !"#$%&'!!"#!!!"!!!!!!"!!"#$%&!!"#$%&'()!"#$%&!!"#$%&'!!"#!  ..………..Equation (3.1) 
Following charging the reactors with media, they were filled with SMW prior the 
fluidization. The same amount of the washed medium was added to each fluidization 
column. Fluidization test were conducted in the FBBR (Figure 3-2) using the recycle 
flow on both the bare particles and the bioparticles by varying the recirculation flow. 
Expanded volume, defined as the ratio of the expanded height (Lf) to the static height (Lo), 
was measured at each linear velocity with a stepwise increase of the recirculation flow 
rate of the synthetic wastewater.  
Chapter 3. Materials and Methods                                                       83 
 
83
 
83 
Table 3- 4: Physical properties for different media used in FBBRs 
 
3.2 Methodologies  
3.2.1 Water Quality Analysis Methods  
Influent, Anoxic, and final effluent samples were collected in airtight bottles 
twice a week, and refrigerated at 4°C prior to analysis. Total suspended solids (TSS), 
volatile suspended solids (VSS), biological oxygen demand (BOD), and total nitrogen 
(TN) were analyzed according to the Standard Methods (APHA, 1998). Alkalinity was 
measured by titration with 0.01 N H2SO4 in accordance with the Standard Method no. 
2320 (APHA, 1998). DO and ORP were measured in each reactor using an installed 
Thermo Orion (810 A+) meter, and pH-11 series pH/(mV·ºC) meter (Oakton, Singapore) 
respectively. HACH methods and testing kits (HACH Odyssey DR/2800) were used to 
measure total chemical oxygen demand (COD), soluble chemical oxygen demand 
(SCOD), total phosphorus (TP), NH3-N, NO2-N, NO3-N, and PO4-P.   
Calcium was analyzed in the influent, anoxic, effluent, and biofilm by inductively 
coupled plasma (ICP) (Vista-Pro, VARIAN). Nitric acid (2%) was used for preparing all 
calibration standards and dilutions. Calibration curves were prepared using a mixed 
standard ICP solution no. 4 (100 mg/L) and single element ICP standard for calcium 
(2000 mg/L). Prior to analysis, all samples were acidified with 2% nitric acid and the 
 
 
3 
 
Table 4-3: Physical properties for different media used in DFBBRs.   
Parameter Media MX MB NZ LR 
Bulk Density (kg/m3)  719 810 944 1142 
True Density (kg/m3)  1363 1554 2496 2685 
Internal Porosity (%)  7 10 16 13 
External Porosity (%)  40 40 46 44 
Total Porosity (%) 47 50 62 57 
BET Surface Area (m2/g)  0.72 0.86 15.5 0.85 
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biofilm and sludge samples were digested at 150oC for 30 mins and filtered using 0.45 
µm membrane filter.  
3.2.2 Acclimatization, Startup, and Reactors Operation 
3.2.2.1 Acclimatization of LSCFB 
The pilot-scale reactor was inoculated with enriched nitrifiers, acclimatized in the 
lab using return activated sludge from the Adelaide Pollution Control Plant, London, 
Canada, with TSS and VSS concentrations of 3511 and 2810 mg/L respectively. Particles 
were fluidized to transport bacteria from the bulk liquid to the vicinity of the surface and 
form biofilm. The seed sludge was recirculated between the riser and the downer columns 
for 2 days, after which the reactor was fed leachate at a flow rate of 650-864 L/d, 
corresponding to 1.9-2.7 kg COD/(m3.d). Within a period of three weeks, most of the 
particles in the riser and the downer were coated with biomass in the riser and the downer, 
and attached biomass of 6.1-7.3 and 14.6-18.7 mg VSS/g lava rock were observed in the 
downer and the riser respectively. 
3.2.2.2 Acclimatization of DFBBR 
The DFBBR reactors were inoculated with enriched denitrifres, acclimatized in 
the lab for 12 hrs using return activated sludge from the Adelaide Pollution Control Plant, 
London, Canada, with TSS and VSS concentrations of 3120 and 2750 mg/L, respectively. 
The seed sludge was recirculated in each reactor for 2 days and operated in a batch mode, 
after which the reactor was fed SMW at a flow rate of 20 L/d, corresponding to an 
organic loading rate of 5.9±0.5 kg COD/(m3.d). Within a period of one to two weeks, 
most of the particles in each reactor were coated with biomass. There was no explicit 
sludge wastage from the systems but rather the finial effluent VSS were construed as the 
excess sludge from the process.  
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3.2.3 Batch Tests 
Batch tests were conducted to examine the maximum specific denitrification and 
nitrification rates (SDNR and SNR) of the attached biomass of the bioparticles. The 0.5 L 
batch reactors were equipped with magnetic stirrers and operated under anoxic 
(maintained airtight to avoid intrusion of oxygen from air) conditions at different initial 
substrate to microorganisms (So/X) ratios of 0.50-0.65 g COD/g VSS. Sodium nitrate at a 
concentration of 20-25 mg NO3-N/L as well as acetic acid (as readily biodegradable 
carbon source) of 300-400 mg/L were added. To reduce the effect of substrate mass 
transfer limitation into the biofilm, the biofilms were removed from 3-4 g media using 
sonication and then placed into the reactors. Nitrate concentrations were monitored for 6-
7 h to determine the maximum denitrification rates. 
For nitrification, known amounts of ammonium chloride to affect an initial NH4-
N concentration ranging from 25-30 mg/L with an additional alkalinity of 250 mg/L as 
CaCO3 was added in each sample. For the denitrification test, sodium nitrate of 20-25 
mg/L as well as acetic acid of 300-400 mg/L was added as readily biodegradable carbon 
source. To reduce the effect of substrate mass transfer limitation into the biofilm, the 
biofilms were removed from 30-40 g media using sonication and then placed into the 
reactors. The So/X ratios were calculated based on nutrient loading rates and available 
attached biomass. NH4-N and NO3-N levels were monitored for 6-7 h to determine the 
maximum nitrification and denitrification rates of the bioparticles. 
3.2.4 Biofilm Thickness 
Biofilm thickness of the bioparticles was measured using a microscope (Mitutoya, 
Sakada, Japan) coupled with a camera (Leica DC 300, Germany), at a magnification of 
80X. Attached biomass on each support media was measured according to the Standard 
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Methods (APHA, 1998). Average roundness was determined for each bioparticles as the 
aspect ratio between the major and minor axis of the bioparticle ellipse equivalent. 
Approximately 2-3 g bioparticles were taken from each column at three heights, 
suspended in a 50 ml vial, and sonicated for 3 h at 30°C in an Aquasonic sonicator 
(Model 75HT, ETL Laboratory Testing, Inc., New York). After sonication, the VSS 
content of the detached biomass was measured and the sonicated particles were cleaned 
and weighted after drying at 550°C for 1 h.  
3.2.5 Biofilm Strength 
The physical strength of biofilm to withstand high abrasion, erosion, sloughing, 
and shear forces was determined as the integrity coefficient (IC) (%) and defined as the 
ratio of the residual biofilm on the media to the total weight of the initial bioparticles 
after 30 mins of shaking at 350 rpm on a platform shaker (Dubois et al., 1956).   
3.2.6 Biofilm Morphology  
In order to determine the difference between the biofilm structure and 
morphology, samples were collected for scanning electron microscopy (SEM) equipped 
with energy-dispersive X-ray (EDX) (Hitachi VP-SEM, Japan). The EDX method was 
used to qualify the availability of each element of the biofilm structure and map the 
morphology composition. Thereafter, X-ray photoelectron spectroscopy (XPS) (Krotos 
Analytical LTD., UK) was used to quantifying the chemical composition of the biofilm at 
different calcium concentrations. Biofilm samples for SEM, EDX, and XPS were fixed in 
a 2% glutaraldehyde solution for 2 hrs. The water of the fixed samples was replaced in an 
ethanol dehydration series in a filter kit on a 0.45 µm membrane filter paper by sequential 
exposure to 25%, 50%, 75%, and 100% ethanol (EtOH(aq)) (v/v) solutions. At each step, 
the liquid was completely replaced with the new solution and left to sit for 15 mins. 
Chapter 3. Materials and Methods                                                       87 
 
87
 
87 
Biofilm samples were wrapped in the filter paper and placed in a SEM studs and stored in 
100% ethanol. Stored samples were finally dried in a critical point dryer (CPD) (ACPD 
Leica EM COD 300, Germany) and coated with gold-sputter prior to analysis. 
3.2.7 Biofilm Extracellular Polymeric Substances (EPS) 
 EPS extraction from the biofilm was conducted from 2-3 g bioparticles in each 
bioreactor suspended in a 20 mL vial and sonicated for 3 h at 30°C in an Aquasonic 
sonicator (SK 1200H Kupos, China) with a rated power of 45 Watts. The collected 
biomass was suspended in 50 mL of phosphate buffer at pH 7.5 and cooled to 4oC in an 
ice bath to minimize microbial activity. EPS were measured as proteins and 
carbohydrates, which typically are the dominant components of EPS (Frolund et al., 
1996). Proteins and carbohydrates EPS and (soluble microbial product) SMP 
concentrations were measured using a cations exchange resin (CER) (Dowex® 
Marathon® C, Na+ form, Sigma-Aldrich, USA) extraction method (Frolund et al., 1996). 
Glucose and bovine serum albumin (BSA) were used as the carbohydrate and protein 
standards, respectively (Dubois et al., 1956). The exchange resin (75 g of CER /g VSS) 
was added to a 200 mL sample and mixed at 600 rpm for 2 h at 4° C. The mixture was 
then centrifuged for 15 min at 12,000 g to remove the TSS. The centrifuged supernatant 
of the sample, after CER addition, represented the sum of EPS and SMP concentrations. 
Untreated biofilm was centrifuged for 15 min at 12,000 g, followed by filtration through 
a 0.45µm filter paper and the protein and carbohydrate concentrations of the filtrate 
represented the SMP. The difference between these measurements was the EPS 
concentration.  
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3.2.8 Statistical Analysis 
Paired student t-test was conducted to determine the statistical significance of the 
observed differences between the experimental data and determined the confidence level. 
3.3 Modeling and Simulation  
The experimental results of the FBBR were modeled and calibrated using 
BioWin® (3.0) software developed by Envirosim Associates Ltd. (Burlington, ON, 
Canada) and AQUIFAS® (AQUANET) software developed by Aquaregen (Mountain 
View, CA, US). Modeling of particulate attached growth systems using both softwares 
for simulation of the complex interactions that occur in the anoxic riser and aerobic 
downer biofilm reactors (Henze et al., 1995) was based on general Activated Sludge 
models, i.e. ASM1 , ASM2d, and ASM 3 (Barker et al., 1997, Comeau and Taka, 2008, 
Boltz et al., 2010). 
3.3.1 Modeling using BioWin®   
BioWin® is developed to model biofilm systems as 1-D fully dynamic and steady-
state simulations using a wide range of BOD loading, biomass, and biofilm thickness 
evaluated against semi-empirical data based on experimental measurements from a full-
scale WWTPs. The influent characteristics of the feed, simulated using the influent 
specifier associated with BioWin® revealed the carbonaceous and nutrient fractions 
according to the biodegradable and nonbiodegradable organic matter in the influent 
wastewater. Some of these fractions are expansive and cannot be measured frequently 
and are calibrated as a function of carbonaceous and filtered BOD, total suspended solids 
(TSS), and VSS concentrations using nonbiodegradable particulate chemical oxygen 
demand (COD) fraction (Fup) with a range of (0-1) along with the particulate 
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biodegradable fraction of slowly biodegradable COD (Fxsp) with a range of (0-1) and its 
relationships estimated in the influent wastewater.  
3.3.2 Modeling using AQUIFAS®   
AQUIFAS® is developed to model fixed film process using semi-empirical 
equations and a 2-dimensional biofilm model (Sen and Randall, 2008a, Sen and Randall, 
2008b, Sen and Randall, 2008c). The model equations are based on the kinetics of COD 
uptake, nitrification, denitrification, and biological phosphorus removal by biofilm carrier 
particles, as measured under different substrate conditions within the length of a 
biological reactor. The equations incorporate Monod kinetics with mass flux to simulate 
the variation in substrate uptake rates, as a result of changes in external substrate 
concentrations, and associated changes in the biofilm thickness and fraction of nitrifiers 
in the biofilm that develop in a different cell reactors. The detailed model equations are 
presented elsewhere (Sen and Randall, 2008a, Sen and Randall, 2008b, Sen and Randall, 
2008c). 
The biofilm diffusion model breaks the biofilm into 12 layers and a stagnant 
liquid layer. COD, Do, biomass, nitrogen, and phosphors fluxes from a concentric layer to 
the next deeper layer are the net uptake and release in the layer and the flux from the 
concentric outer layer to this layer. This model adopted the model equations and 
stoichiometric relationships used in AQUIFAS® to compute the substrate uptake and 
biomass generation in each layer of the biofilms.  
The model sums up the substrate uptake and biomass generation over the 12 
default model layers to compute the substrate and biomass flux for the biofilm in each 
cell of the reactor. Multiplication of substrate and biomass flux with the surface area in 
each cell gives the uptake for the cell. Unlikely BioWin® which requires detailed 
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fractionation of COD, AQUIFAS® input was limited to the typical composite parameters, 
i.e. BOD (total and soluble), COD (total and soluble), TSS, VSS, TN (total and soluble), 
and TP.     
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Chapter 4. Influence of Particles Properties on Biofilm Structure in DFBBR 
CHAPTER  4  
INFLUENCE OF PARTICLES PROPERTIES ON BIOFILM 
STRUCTURE AND ENERGY CONSUMPTION IN 
DENITRIFYING FLUIDIZED BED BIOREACTORS 
(DFBBRS)* 
 
4.1 Introduction 
Among the biological processes for municipal and industrial wastewater, the 
fluidized bed bioreactor (FBBR) system is a promising bioreactor for biological nutrient 
removal (BNR). Recently, several FBBRs had been used and investigated for carbon 
oxidation, nitrification, denitrification, and anaerobic treatment of municipal and 
industrial wastewater (Jannette et al., 1997, Cui et al., 2004). Due to its large surface area, 
denitrifying fluidized bed bioreactor (DFFBR) can maintain very high biomass (biofilm) 
concentrations of up to 40000 mg VSS/L (Shieh and Keenan, 1986, Mulcahy and Shieh, 
1987).  
Biofilm accumulation is a dynamic process that is the net result of growth and the 
detachment processes and is affected by several external factors, including composition 
and concentration of the feed (carbon/nitrogen (C/N) ratio), velocity of the liquid phase 
(shear stress), concentration of particles, particle-particle collisions, and particle-wall 
collisions (Alves et al., 2002). Retrofit of existing conventional activated sludge plants 
employing pre-denitrification with fixed-film processes such as moving bed bioreactor 
                                                
 
* A version of this chapter has been published in Bioresource Technology, 2012, 126, 162-171 
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(MBBR) and Integrated Fixed Film Activated Sludge (IFAS) will likely result in biofilm 
denitrification processes operating under increasingly limiting carbon conditions due to 
the low food-to-microorganisms ratio. Low carbon during the denitrification process has 
been proven to increase the detachment rate and reduce the biofilm thickness (Xing et al., 
2000, Alves et al., 2002, Islam et al,, 2009). Moreover, the C/N and decreases in the 
concentrations of extracellular polymeric substances (EPS), i.e. carbohydrate and protein 
production (Li et al., 2008) adversely impacts biofilm attachment (Miqueleto et al., 2010, 
Ras et al., 2011, Ye et al., 2011). Hence, the right balance between the parameters that 
contribute to biofilm adhesion and growth and those that affect detachment should be 
attained. 
Supporting carrier particles characteristics, i.e. size, shape, density, porosity, 
roughness, and surface area play a significant role in the adhesion/detachment rate, all of 
which significantly impact BNR process performance. In addition, bioparticles affect 
capital investment and operational cost significantly (Tang and Fan, 1989). Different 
carrier particles have already been tested in anoxic/anaerobic fluidized bed bioreactors 
such as: sand, sepiolite, pumice stone, zeolite, lava rock, quartzite, alumina, resin, arlita, 
and kaolinite bead (Hao-Ran et al., 1983, Jeris, 1983, Rockey and Forster, 1983, Balaguer 
et al., 1997, Chowdhury et al., 2009). However, media selection was primarily based on 
reactor performance, i.e. substrate removal rate (Balaguer et al., 1997), or physical-
chemical parameters, i.e. specific surface area and roughness (Buffiere et al., 2000), with 
minimal focus on biofilm morphology (thickness and surface shape), detachment, and 
optimum fluidization energy all of which are critical for long-term stability. Additionally, 
most of the aforementioned studies have tested specific microorganisms, i.e. 
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Pseudomonas Stutzeri and Alcaligenes denitrificans under carbon-rich conditions 
(Maqueda et al., 1995, Leenen et al., 1996, Balaguer et al., 1997, Arnaiz et al., 2006). 
Despite the availability of numerous papers on fluidized bed denitrification (Shieh and 
Keenan, 1986, Jeannette et al., 1997, Xing et al., 2000, Chowdhury et al., 2009), there is 
no single systematic study that has thoroughly explored the relationship between media 
characteristics, i.e. sphericity, surface roughness, abrasion on one hand and biofilm 
morphology, fluidization energy, detachment rates, and specific denitrification rates on 
the other. Furthermore, the paucity of information on biofilm characteristics under 
carbon-limiting conditions clearly establishes the need for further research. 
Thus, a comprehensive evaluation of biofilm adhesion and detachment for 
different bioparticles, i.e. MX, MB, NZ, and LR under carbon-limiting conditions was 
undertaken using synthetic municipal wastewater for 180 days focusing on (a) physical 
properties, (b) biofilm development, (c) microbial morphology (biofilm thickness and 
surface shape), (d) detachment rate, (e) denitrification performance, and (f) energy 
consumption, all of which evaluated at the same particles sizes, and concentration 
resulting in same shear stress and detachment forces. This study also aims at evaluating 
the capital and operational costs of the various bioparticles to optimize media selection 
for DFBBRs. 
4.2 Materials and Methods 
4.2.1 Wastewater Characteristics  
Laboratory-scale DFBBRs were fed with a synthetic municipal wastewater (SMW) 
prepared using tap water combined with concentrated stock solutions of CH3COONa (as 
carbon source), NaNO3 (as nitrogen source), and KH2PO4 (as phosphorus source) as well 
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as a mineral stock solution at a volumetric ratios of 1:0.005, 1:0.001, and 1:0.001 
respectively. The three concentrated stock solutions contained 150 g CH3COONa/L, 100 
g NO3/L, 20 g KH2PO4/L and the mineral salt stock solution contained 75 mg 
NiCl·6H2O/L, 75 mg CoCl2·6H2O/L, 200 mg CuCl·2H2O/L, 125 mg ZnCl2/L, 1250 mg 
MnCl2·4H2O/L, 750 mg FeCl3·6H2O/L, 200 mg (NH4) 6Mo7O24·4H2O/L, 125 mg 
H3BO3/L, 40 g MgSO4·H2O/L, and 6 g CaCl2·H2O/L. As evident from Table 4-1, a COD 
to nitrogen ratio of 5:1 as opposed to the 10:1 typical of municipal wastewater was 
maintained in the synthetic municipal wastewater. 
Table 4- 1: Influent and effluent characteristics for different media 
 
4.2.2 Experimental Setup  
The DFBBRs, depicted in Figure 4-1, comprise four identical plexi-glass reactors 
with heights of 100 cm and internal diameters of 2.54 cm corresponding to a volume of 
507 ml. A layer of stainsteel balls was added to the bottom of each reactor to ensure 
uniform liquid distribution and approximately each FBBR was charged with 40 g (dry 
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Table 4-1: Influent and effluent characteristics for different media 
Parameter  Influent* Effluent
* 
MX MB NZ LR 
DO (mg/L) ----- 0.30 0.30 0.30 0.30 
ORP (mv) ----- -79 -80 -85 -80 
pH  7.70 8.21 8.44 8.84 8.28 
Alkalinity** 255 355 364 367 357 
TCOD (mg/L)  149±3 50±4 34±6 33±4 49±4 
SCOD (mg/L)  123±9 36±5 20±4 21±5 33±8 
TBOD (mg/L) 88±11 31±5 20±6 22±4 28±9 
SBOD (mg/L) 76±14 20±8 12±4 13±3 18±10 
NO3-N (mg/L) 30±4 1.4±0.6 0.1±0.6 0.1±0.4 1.5±0.4 
NO2-N (mg/L) 0.013±0.03 0.09±0.06 0.06±0.06 0.15±0.02 0.08±0.07 
TN (mg/L) 30.4±1.9 3.4±1.0 2.3±0.5 2.2±0.8 3.6±1.2 
PO4-P (mg/L) 1.0±0.2 0.7±0.1 0.6±0.2 0.6±0.1 0.7±0.4 
TP (mg/L) 1.2±0.4 0.9±0.4 0.8±0.3 0.8±0.1 0.8±0.7 
TSS (mg/L) 17±2 30±3 20±3 19±3 29±4 
VSS (mg/L) 14±2 22±3 14±3 16±3 23±3 
mg VSS/g media  ----- 21±2 43±4 46±2 30±3 
C:N:P  5:1:0.1 
*Average ± SD (a number of samples 40 with a frequency of a sample every 4 days); **(mg CaCO3/L) 
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weight) of media with the same average particles diameter sizes (dm) of 600-850 µm, 
implying same shear stress and detachment forces (Gjaltema et al., 1997). Liquid 
recirculation was used for fluidization.  
 
Figure 4- 1: (a) Schematic diagram of DFBBRs, (b) Microscopic picture of bare particles, (c) 
Microscopic picture of bioparticles on the 120th day 
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Figure 4-1: (a) Schematic diagram of DFBBRs, (b) Microscopic picture of bare particles, (c) Microscopic 
picture of bioparticles on the 120th day. 
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The synthetic wastewater and recycled effluent were pumped into the bottom of 
each FBBR through peristaltic pumps (Masterflex I/P, Masterflex AG, Germany) to 
fluidize the media at the same initial shear force governed by the bed voidage and bed 
height for all four media. In order to evaluate the running cost of each media, the liquid 
recirculation flow rate was monitored using a tachometer (Ametek 1726, US) . The 
detailed operational conditions of the DFBBRs, as given in Table 4-2, were controlled by 
maintaining liquid recirculation. Superficial liquid velocities varying from 0.8±0.1 to 
2.7±0.1 cm/s were maintained in MX, MB, NZ, and LR bioreactors. Minimum 
fluidization velocities (umf) were 0.20, 0.21, 0.36, and 0.4 cm/s and the terminal settling 
velocities (ut) were 2.6, 3.2, 5.3, and 5.7 cm/s for MX, MB, NZ, and LR bioreactors, 
respectively. As shown in Figure 4-2, after biofilm development and steady-state 
operation of the DFBBRs, the upflow velocities were measured. 
 
Figure 4- 2: Fluidization characteristics of each medium (before and after biofilm attachment) 
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Figure 4-2: Fluidization characteristics of each medium (before and after biofilm attachment) 
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Anoxic conditions were monitored in the DFBBRs by oxidation-reduction 
potential (ORP) measurement. The reactor ORP, pH, and temperature were monitored 
using ORP meters (DPD1P5, pHD Sc Digital Differential pH/ORP Sensor, Loveland, 
USA). The process temperature was maintained at 20±3°C throughout the study. Excess 
biomass was collected from the top of each reactor on a daily basis and during routine 
maintenance of the continuous FBBR system.  
Table 4- 2: Operational conditions of each media in DFBBRs 
 
4.2.3 Particles Properties  
The artificial (MX and MB, Maxi-Blast Inc., Canada) and natural particles (NZ 
and LR produced from Bear River Zeolite Inc. and  Zeox Mineral Materials Corp., USA) 
had different dry and true density in the range of 719 kg/m3 to 1142 kg/m3 and 1363 
kg/m3 to 2685 kg/m3, respectively. Based on the optimum media diameter of the FBBR 
proposed by Shieh and Keenan (1986) based on denitrification reaction time and attached 
biomass concentration of 700 µm, the same average diameter (dm) of 600-850 µm was 
used for all media. Specific surface area (Table 4-3) determined by BET (Brunauer, 
Emmett, and Teller Theory) (Micrometrics ASAP 2010, Micrometrics Co., USA), varied 
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Table 4-2: Operational conditions of DFBBRs 
Parameter Media MX  MB NZ LR 
Influent flow, Qin (L/d)  20±2 
Average organic loading (kg COD/m3·d)  5.9±0.5 
Average nitrogen loading (kg N/m3·d)  1.2±0.1 
Average phosphorus loading (kg P/m3·d)  0.10±0.02 
HRT (hr)  0.6 
Recirculation ratio (Qr /Qin) 16 16 27 36 
Upflow velocity (cm/sec) 0.8 0.8 1.3 1.7 
Avg. attached biomass (mg VSS/g media)                                                                      21 43 46 30 
Biomass (g VSS)                                          8.4 17.2 17.6 12.4 
Food/microorganisms ratio (g COD/g VSS·d)                                         0.35 0.19 0.17 0.24 
Detachment rates (d-1)                 0.167 0.047 0.011 0.145 
Estimated SRT (d)                       18 42 50 24 
 
 
 
 
99 
 
99
 
99 
Chapter 4. Influence of Particles Properties on Biofilm Structure in DFBBR 
from 0.72 m2/g to 15.5 m2/g. The sphericities (ϕ) of MX, MB, NZ, and LR determined by 
Equation (4.1) proposed by Wadell (1933) were 0.6, 0.9, 0.9, 0.5, respectively   
 ! = !"#$%&'!!"#!!!"!!!!!!"!!"#$%&!!"#!"#$%&!"#$%&!!"#$%&'!!"#!  ..………..Equation (4.1) 
Moreover, an abrasion test was performed in order to measure the media losses 
following the procedure of Kida et al. (1990) wherein a 50 g of the washed medium 
suspended in 1000 ml flask with a 350 ml of distilled water were stirred for 30 min at 500 
rpm by an agitator with two 70 mm blades. The difference between the weight of the 
media before and after the abrasion estimated the media losses.   
Following charging the reactors with media, they were filled with SMW prior the 
fluidization. The same amount of the washed medium was added to each fluidization 
column. Fluidization test were conducted in the DFBBR (Figure 4-1) using the recycle 
flow on both the bare particles and the bioparticles by varying the recirculation flow. 
Expanded volume, defined as the ratio of the expanded height (Lf) to the static height (Lo), 
was measured at each linear velocity with a stepwise increase of the recirculation flow 
rate of the synthetic wastewater.  
Table 4- 3: Physical properties for different media used in DFBBRs  
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a le 4-3: hysical properties for different edia used in s.   
Parameter Media MX MB NZ LR 
Bulk Density (kg/m3)  719 810 944 1142 
True Density (kg/m3)  1363 1554 2496 2685 
Internal Porosity (%)  7 10 16 13 
External Porosity (%)  40 40 46 44 
Total Porosity (%) 47 50 62 57 
BET Surface Area (m2/g)  0.72 0.86 15.5 0.85 
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4.2.4 Acclimatization, Startup, and Reactors Operation 
The DFBBR reactors were inoculated with enriched denitrifres, acclimatized in 
the lab for 12 hrs using return activated sludge from the Adelaide Pollution Control Plant, 
London, Canada, with TSS and VSS concentrations of 3200 and 2800 mg/L, respectively. 
The seed sludge was recirculated in each reactor for 2 days and operated in a batch mode, 
after which the reactor was fed SMW at a flow rate of 20 L/d, corresponding to an 
organic loading rate of 5.9 kg COD/(m3.d). Within a period of one to two weeks, most of 
the particles in each reactor were coated with biomass as shown in Figure 4-3a and 
Figure 4-3c.  
The initial packed bed heights of MX, MB, NZ, and LR were 12, 11, 9, 8 cm, 
respectively. Thereafter, the liquid recirculation flow rate was adjusted to fluidize each 
bare particle from a packed bed voidage of 47%, 50%, 62%, and 57 % to the same 
fluidized bed voidage (εf) of 88% corresponding to expanded bed heights for MX, MB, 
NZ, and LR of 47, 42, 27, 25 cm, respectively, which were confirmed using Equation 
(4.2) (Shieh and Keenan, 1986). Therefore, the same initial shear force governed by the 
particles concentration (Gjaltema et al. 1997) and bed voidage (σ) was maintained 
according to Equation (4.3) (Rittmann, 1982). 
H = Ms
ρPA(1−ε)
ds
dP
"
#
$
%
&
'
3
 ………………………Equation (4.2) 
σ = 100 µ u (1−ε)
3
dP2 ε3 a (7.46×109 )
 ……..……………..Equation (4.3) 
where, H is the expanded bed height (cm), Ms is the mass of particles (g), ρp is the 
bioparticles density (g/cm3) which is a function of biofilm thickness, A is the cross 
section area (cm2), ε is the total bed voidage (%), ds is the bare particle diameter (cm), dp 
101 
 
10
1 
10
Chapter 4. Influence of Particles Properties on Biofilm Structure in DFBBR 
is the steady-state bioparticle diameter (cm), µ is liquid viscosity (gm/cm.day), u is the 
liquid superficial velocities (cm/day), and a is the specific surface area of biofilm carriers 
(1/cm). 
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Figure 4-3: (a) change in heights of expanded bed, (b) attached VSS inventory, and (c) Average and SD of 
the attached VSS of each media 
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Figure 4-3: (a) change in heights of expanded bed, (b) attached VSS inventory, and (c) Average and SD of 
the attached VSS of each media 
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Figure 4- 3: (a) change in heights of expanded bed, (b) attached VSS inventory, and (c) Average and 
SD of the attached VSS of each media 
 
 
4.2.5 Analytical Methods 
Influent and final effluent samples were collected in airtight bottles twice a week, 
refrigerated at 4°C prior to analysis. Total suspended solids (TSS), volatile suspended 
solids (VSS), biological oxygen demand (BOD), and total nitrogen (TN) were analyzed 
according to the Standard Methods (APHA, 1998). Alkalinity was measured by titration 
with 0.01 N H2SO4 in accordance with the Standard Method no. 2320 (APHA, 1998). DO 
and ORP were measured in each reactor using an installed Thermo Orion (810 A+) meter, 
and pH-11 series pH/(mV· ºC) meter (Oakton, Singapore) respectively. HACH methods 
and testing kits (HACH Odyssey DR/2800) were used to measure total chemical oxygen 
demand (COD), soluble chemical oxygen demand (SCOD), total phosphorus (TP), NO2-
N, NO3-N, and PO4-P.  Biofilm thickness of the DFBBR particles was measured using a 
microscope (SteREO Discovery V8, Carl Zeiss, Inc, Germany) coupled with a camera 
(Axio Cam HR, 13 MP, Carl Zesis, Germany), at a magnification of 80X. Attached 
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Figure 4-3: (a) change in heights of expanded bed, (b) att ched VS  inve  (c) Average and SD of 
the attached VSS of each media 
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biomass on each support media was measured according to the Standard Methods (APHA, 
1998). Approximately 2-3 g bioparticles were taken from each column at three heights, 
suspended in a 50 ml vial, and sonicated for 3 h at 30°C in an Aquasonic sonicator 
(Model 75HT, ETL Laboratory Testing, Inc., New York). After sonication, the VSS 
content of the detached biomass was measured and the sonicated particles were cleaned 
and weighted after drying at 550°C for 1 h. The paired student t-test was conducted to 
determine the statistical significance of the observed differences between the 
experimental data at the 95% confidence level. 
4.2.6 Batch Denitrification Tests 
Batch tests were conducted to examine maximum specific denitrification rates 
(SDNR) of the attached biomass of the DFBBR bio-particles. The 0.5 L batch reactors 
were equipped with magnetic stirrers and operated under anoxic (maintained airtight to 
avoid intrusion of oxygen from air) conditions at different initial substrate to 
microorganisms (So/X) ratios of 0.50-0.65 g COD/g VSS. Sodium nitrate at a 
concentration of 20-25 mg NO3-N/L as well as acetic acid (as readily biodegradable 
carbon source) of 300-400 mg/L were added. To reduce the effect of substrate mass 
transfer limitation into the biofilm, the biofilms were removed from 3-4 g media using 
sonication and then placed into the reactors. Nitrate concentrations were monitored for 6-
7 h to determine the maximum denitrification rates. 
4.3 Results and Discussion 
4.3.1 Physical Properties of the Support Media 
The physical properties of the four media are summarized in Table 4-3. The bulk 
density (ρb) of all particles ranged from 720 to 1100 kg/m3, while the true (wet) density 
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(ρt) of the artificial particles, i.e. MX and MB densities of 1360-1550 kg/m3, were 
significantly lower than the true densities of the natural particles, i.e. NZ and LR of 2500-
2680 kg/m3.  
Moreover, considering the densities and the significant difference in the particles 
shapes as shown in Figure 4-1, the upflow velocities at 200% bed expansion of bare 
particles for MX and MB were 0.8 and 1.55 cm/sec corresponding to 16 Qfeed (SMW 
flowrate) and 33 Qfeed, respectively, while the upflow velocities for NZ and LR were 2.4 
and 2.6 cm/sec corresponding to 52 Qfeed and 56 Qfeed, respectively. As shown in Figure 
4-2, after biofilm development and steady-state operation of the DFBBRs, the upflow 
velocities on the 120th day at 200% bed expansion of bioparticles for MX, MB, NZ, and 
LR decreased to 0.8, 0.8, 1.3, 1.7 cm/sec corresponding to 16 Qfeed, 16 Qfeed, 27 Qfeed, and 
36 Qfeed, respectively. It is noteworthy that since the recirculation ratios for the artificial 
media were on average 50% less than for natural media, steady-state fluidization energies 
for MX and MB were accordingly 50% less than NZ and LR. 
Abrasion losses for MX, MB, NZ, and LR calculated from the weight loss during 
agitation under high shear forces were 2.8%, 6.4%, 18%, and 5.2%, respectively. 
Therefore, the maintenance and replacement cost of natural zeolite will be significantly 
higher than other particles considering different replacement frequencies, i.e. every 1 year, 
5 years, and 10 years.  
It is interesting to note that although the specific BET surface area of NZ was 15 
times higher than other media, the specific surface area (SSA) calculated based on 
Equation (4.4) (Rittmann, 1982) considering the available diameter of bare particles and 
the total porosity (Table 4-3) for MX, MB, NZ, and LR of 4300, 4130, 3200, 3500 m2/m3, 
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clearly confirming that the BET surface area which includes micropores of NZ, does not 
ultimately influence biofilm surface area. 
…………………………Equation (4.4) 
4.3.2 Nutrient Removal 
The DFBBRs columns were tested at an average flow rate of 20 L/d for 180 days 
to evaluate the difference between MX, MB, NZ, and LR media. In order to ensure 
attainment of the steady-state conditions in all DFBBRs, the attached and suspended 
biomass in each column were measured and depicted in Figures 4-3a and b. The 
coefficient of variation (COV) defined as standard deviation divided by the mean for 
attached biomass of MX, MB, NZ, and LR columns varied from 4% to 10% after 
reaching the steady-state condition. Although it is arguable that suspended VSS 
concentrations varied more widely than attached biomass, as reflected by COV of 14% to 
19%, this process is indeed a fixed film system and 99.9% of the biomass inventory in the 
DFBBR is in the form of attached biomass. Moreover, the denitrification activity per 
gram media of MX, MB, NZ, and LR depicted in Figure 4-3a demonstrates that the 
SDNR coefficients of variation were 1.1%, 4.2%, 3.6%, and 2.9%, respectively, 
indicating that the attached biomass and biomass activity reached steady-state. 
Figure 4-4a and b show with the results summarized in Figure 4-4c the performance 
of each DFBBR with respect to COD and nitrogen removal efficiencies. As illustrated in 
Table 4-1 and Figure 4-4c, the COD removal efficiencies for MX and LR were in the 
range of 78% while the MB and NZ media achieved a COD removal of 88% at an 
organic loading rate (OLR) of 5.9±0.5 kg COD/ m3.d. For MX and LR, lower COD 
removal efficiencies of 78% were due to the relatively higher effluent VSS concentration 
SSA = 6dP
(1−ε)
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of 23 mg/l. The differences between the carbon removal efficiencies for the different 
particles have been confirmed to be statistically significant at the 95% confidence level 
using paired t-test.  
Moreover, at a nitrate-nitrogen loading rate of 1.2±0.1 kg N/m3.d, nitrogen 
removal efficiencies of MX and LR were 94% as compared to 99% for MB and NZ. The 
high denitrification efficiency is remarkable given that the DFBBR system was run at a 
COD:N ratio of 5:1. It is noteworthy to mention that the differences between the nitrogen 
removals efficiencies have been confirmed to be statistically insignificant at the 95% 
confidence level using paired t-test. Hence, particles properties and sphericity did not 
affect the nitrogen removal efficiency in the DFBBR system. 
The denitrification rates of each DFBBR, estimated based on available anoxic 
biomass and amount of nitrogen denitrified in the system of MX, MB, NZ, and LR were 
0.38, 0.62, 0.68, and 0.42 g N/(g VSS·d), respectively. Off-line bench scale tests 
conducted on the DFBBR particles showed SDNRs of 2.11, 2.7, 2.71, and 2.13 g NO3-
N/(g media. d) translating to 0.7, 0.9, 0.91, and 0.71 g NO3-N/(g VSS. d), respectively, 
much higher than the DFBBR and represent the potential for the DFBBRs to sustain 
higher loadings. Based on the yields discussed later, phosphorus utilized for biomass 
synthesis in each DFBBR was approximately 8 mg/d corresponding to 25% removal 
efficiency of the influent synthetic wastewater phosphorus in DFBBRs, consistent with 
the experimental data (Table 4-1). 
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Figure 4- 4: (a) TCOD for influent and SCOD for effluent of each media, (b) Nitrate concentration of 
influent and effluent for different DFBBRs, (c) Organic and Nitrogen removal efficiency for each 
media, and (d) Biomass yield in each medium   
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Figure 4-4: (a) TCOD for influent and SCOD for effluent of each media, (b) Nitrate concentration of influent 
and effluent for different DFBBRs, (c) Organic and Nitrogen removal efficiency for each media, and (d) 
Biomass yield in each medium   
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4.3.3 Overall Nutrient Mass Balances 
Table 4-4 presents the overall mass balances for COD, nitrogen, and alkalinity in 
the DFBBRs. Approximately 77% of the influent COD was utilized in the MX and LR 
columns as compared with 87% for MB and NZ. COD consumption estimated using 
Equation (4.5) (Metcalf and Eddy, 2003), considering the observed biomass yield of 
0.12-0.19 g VSS/g COD was 2260 mg COD/d in MX and LR reactors, and in MB and 
NZ rectors was 2400 mg COD/d.  
COD consumption for denitrification = 2.86(1−1.42×Y )
……………. Equation (4.5) 
The COD mass balance closure (%) calculated using influent and effluent COD 
concentrations, and waste biomass COD are approximately 97% in MX and LR, and 93% 
for MB and NZ. Furthermore, Table 4-4 shows that 570-600 mg NO3-N/d was removed 
concomitant with the alkalinity generated of 2002-2110 mg as CaCO3/d, which based on 
the 20 l/d wastewater flow is about 100 mg CaCO3/L, in close agreement with the 
average of 100-112 mg CaCO3/L shown in Table 4-1. 
4.3.4 Biomass Yield 
Biomass yield was calculated as the sum of the net change in attached biomass, 
sludge wastage, and effluent solids divided by the total COD consumed. Figure 4-4c 
shows observed yields (as linear regressions between cumulative biomass and cumulative 
COD removal) of 0.19, 0.12, 0.12 and 0.19 g VSS/g COD in MX, MB, NZ, and LR 
reactors, respectively. Using Equation (4.6), where M is the weight of particles (g), Xanoxic 
is the attached VSS (mg) per gram media, Xwastage is the VSS (mg) wasted per day, 
VSSeffluent is the concentration of biomass in the effluent (mg/L), and Qeffluent is effluent 
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flow rate (20 L/d), overall SRT for the MX, MB, NZ, and LR reactors were estimated at 
18, 42, 50, and 24 d, respectively. 
Table 4- 4: Overall mass balance for different media in DFBBRs 
 
Comparison between observed yields and the estimated yields, as reported in 
Table 4-4, considering stoichiometric yield coefficient of 0.54 g COD/g COD (ASM2, 
Henze et al., 1995) which is typically 15% lower than the aerobic yield, process SRTs, 
decay coefficient for heterotrophic (Kd) of 0.1 d-1, and fraction of inert biomass that 
remains as cell debris (fd) of 0.15 g VSS/g VSS (Metcalf and Eddy, 2003), the estimated 
 
 
4 
 
Table 4-4: Overall mass balance of DFBBRs. 
 
MX MB NZ LR 
COD removed (g COD/d) 2.261 2.58 2.56 2.32 
Anoxic COD consumed (g COD/d) 2.262 2.33 2.34 2.26 
COD-Biomass (g COD/d) 0.633 0.44 0.42 0.65 
N-Denitrification (g N/d) 0.574 0.59 0.59 0.57 
Alkalinity anoxic (g CaCO3/d) -2.025 -2.12 -2.11 -2.03 
Solids retention time (d) 18 42 50 24 
kd* for heterotrophic (d-1) 0.1 0.1 0.1 0.1 
fd‴  (g VSS/g VSS) 0.15 0.15 0.15 0.15 
Heterotrophic biomass production (gVSS/d)  0.38a 0.24 0.22 0.34 
Observed yield (g VSS/g COD) 0.19 0.12 0.12 0.19 
% COD closure  97%b 93% 93% 98% 
1 COD removed = (TCODin 
€ 
g
l – SCODeff 
€ 
g
l ) × Qin 
€ 
l
d  
2 Anoxic COD consumed = [(N-Denitrification 
€ 
g
d  )× 
2.86
(1−1.42×Yobs )
] 
3 COD-Biomass = CODremoved×1.42Yobs 
4 N-Denitrification = ((NO3 eff 
€ 
g
l  - NO3 eff  
€ 
g
l )×Qin 
€ 
l
d ) 
5Alkalinity generated in the anoxic column= (–) N-Denitrification×3.57  
a Heterotrophic biomass production = [
€ 
Y
1+ kd  SRTanoxic
 (1+fd kd SRTanoxic)]× Anoxic CODconsumed 
€ 
g
d  
b % COD closure = 
€ 
Anoxic  CODconsumed  +CODBiomass
TCODin
 
* Endogenous decay coefficient for heterotrophic bacteria 
‴  Cell debris (fd) 
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yields of 0.12-0.18 g VSS/g COD are in close agreement with the observed yields of 0.19, 
0.12, 0.12 and 0.19 g VSS/g COD in MX, MB, NZ, and LR reactors, respectively.  
 SRT = Manoxic XanoxicQeffluentVSSeff  + Xwastage
…………………. Equation (4.6) 
4.3.5 Biofilm Morphology and Characteristics 
Biofilm morphology, i.e. biofilm thickness and surface shape was different in 
each media as shown in Figure 4-1c. For the MX and LR, the COD removal efficiency 
decreased sharply to 78% due to the relatively high effluent VSS concentration of 23 
mg/l as a result of thinner biofilm thickness, patchy biofilm morphology (Figure 4-1c), 
and high biomass detachment rate coefficient (Equation 4.7). As apparent from Figure 4-
1c, the biofilm thicknesses for MX, MB, NZ, and LR were 104, 555, 684, and 134 µm, 
respectively at sphericities of 0.6, 0.9, 0.9, and 0.5. As depicted in Figure 4-1c, the 
biofilm for MX bioparticles was affected by the particle shape, i.e. sphericity. Moreover, 
the biofilm of LR bioparticles was also limited due to very high surface roughness 
whereas the biofilm morphology and enlargement of MB and NZ were very high with an 
extended and fluffy protruding biofilm. The differences between the biofilm thickness for 
all particles have been confirmed to be statistically significant at the 95% confidence 
level using paired t-test Although it is reported in the literature that higher surface 
roughness would increase biofilm thickness (Zhang and Bishop, 1994, Lazarova and 
Manem, 1995, Arnaiz et al., 2006), the other major factor impacting biofilm thickness, 
based on this work, was the particles shape and sphericity. To corroborate the relative 
importance of sphericity over surface roughness and specific surface area on biofilm 
thicknesses, one should consider that although the surface roughness of LR is much 
greater than MB, biofilm thickness for MB was approximately 4 times that of LR. The 
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same comparison applies to NZ and MX. Similarly, it is apparent that both LR and MX 
with close sphericities but very different surface area maintained roughly same biofilm 
thicknesses. Interestingly, the fact that MB and NZ had similar biofilm thickness clearly 
demonstrates that surface chemistry did not significantly impact biofilm morphology, in 
contrast to finding of Al-Degs et al. (2000).  
The first-order detachment rate coefficients (d-1), reported in Table 4-2, were 
calculated using Equation (4.7), where the total daily amount of biomass (as VSS) 
leaving the reactor effluent (Xl) was divided by the total amount of attached biomass (Xm) 
available in the reactor estimated as the product of particles in the reactor and attached 
biomass concentrations (Nakhla and Suidan, 2002, Patel et al., 2005). 
b' = QX1MXm
…………….….…………… Equation (4.7) 
As apparent from Table 4-2, the first-order detachment rates coefficients for MB 
and NZ (with sphericity of 0.9) were 0.05 d-1 and 0.01 d-1 are significantly lower than the 
0.15 d-1 and 0.17 d-1 for MX and LR (sphericities of 0.5 and 0.6), respectively. It is 
interesting to note that although the BET specific surface area of NZ was 15 times higher 
than other media, the nitrate removal and the biomass concentration compared to other 
systems were comparable, clearly confirming that many of the micropores were not 
available for biofilm growth.  Moreover, it appears that sphericity is an important factor 
in both the shape and detachment of the biofilm, with the detachment rate for MB and NZ 
70% lower than MX and LR.  
Considering the liquid shear stresses of 8.9, 1.1, 1.2, and 16.7 dyn/cm2 for MX, 
MB, NZ, and LR and the observed detachment rate coefficients of 0.17 d-1, 0.04 d-1, 0.01 
d-1, and 0.15 d-1, it is evident that liquid shear stress correlated poorly with the first-order 
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detachment rate. This implies that both abrasion and sloughing may have impacted 
biofilm detachment. As previously mentioned, the SDNR for MX, MB, NZ, and LR were 
2.11, 2.7, 2.7, and 2.13 g NO3-N/(g media. d) clearly indicates that the biofilms for both 
MB and NZ contained more active biomass than both MX and LR, and since it has been 
established that detachment of inactive biomass is higher than active biomass (Tijhuis et 
al., 1994, Van Loosdrecht et al., 1995), both the observed detachment rates and measured 
biofilm thicknesses are plausible.  
4.3.6 Energy Consumption and Running Cost   
Comprehensive economic analysis for each media was conducted considering 
three scenarios for particles abrasion including the initial capital cost, fluidization energy 
cost, and replacement cost every 1 year, 5 years, and 10 years intervals for scenario a, b, 
and c, respectively as shown in Figure 4-5. It must be asserted that the abrasion media 
losses of MX, MB, NZ, and LR for 2.8%, 6.4%, 18%, and 5.2% were assumed to occur 
over periods of 1 year, 5 years, and 10 years, respectively for scenarios a, b, and c. The 
economic study for the DFBBR system was conducted over a 20 years operational period 
with an interest rate of 6%. Cost for MX, MB, NZ, and LR media of $1.25, $1.25, $0.25, 
and $1 per pound (lb), respectively were used. Energy consumption for fluidization was 
based on the measured recirculation flow rate measured (assuming the same head loss) of 
16 Qfeed, 16 Qfeed, 27 Qfeed, and 36 Qfeed for MX, MB, NZ, and LR, respectively with a 
pumping efficiency of 60%, and a unit cost of $0.1/KWH.  
As summarized in Table 4-5, the total annualized unit costs for MX, MB, NZ, and 
LR were essentially insensitive to media replacement costs, with the artificial media 30# 
cheaper than natural zeolite despite a much lower initial cost, and 50% cheaper than lava 
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rock (Table 4-5). The fluidization energy costs is the predominate component accounting 
for 76%-97% of the total annualized cost.  
Table 4- 5: Cost analysis of each media used in DFBBRs 
 
For NZ and LR, fluidization energy costs constituted 97% and 93% of the 
annualized cost, respectively, while for MX and MB, it was only 84% of the total 
annualized cost. Hence, considering the abrasion loss, fluidization energy, and the total 
annualized unit cost per kg for the MB, the artificial multi blast particles (MB) were at 
least 30% lower than the other natural media used in DFBBR. Although the performance 
of the two artificial media (MX and MB) was comparable in term of COD and nitrogen 
removal, considering a higher sludge yield of the MX highlights the advantages of the 
MB media with a lowest unit annualized cost ranging from $1.56-$1.72 per kg.  
 
 
5 
 
Table 4-5: Cost analysis of each edia used in DFBBRs 
 
MX MB NZ LR 
Scenario (A)*     
% Capital Cost a 15% 14% 2% 6% 
% Replacement Cost b 4% 10% 4% 4% 
% Fluidization Energy Cost c 81% 76% 94% 90% 
Total annual cost1year ($/kg per year)† 1.62 1.72 2.40 3.30 
Scenario (B)**     
% Capital Cost  15% 15% 2% 6% 
% Replacement Cost  1% 2% 1% 1% 
% Fluidization Energy Cost  84% 83% 97% 93% 
Total annual cost5years ($/kg per year) 1.56 1.58 2.27 3.15 
Scenario (C)***     
% Capital Cost  15% 15% 2% 6% 
% Replacement Cost  1% 1% 1% 1% 
% Fluidization Energy Cost  84% 84% 97% 93% 
Total annual cost10years ($/kg per year) 1.55 1.56 2.26 3.14 
†Total annual cost of each media considering at a replacement cost every year interval  
** Total annual cost of each media considering at a replacement cost every 5 years interval  
*** Total annual cost of each media considering at a replacement cost every 10 years interval  
a Capital cost percentage from the total annual cost considering an interest of 6% 
b Material replacement cost percentage from the total annual cost considering a replacement interval of 5 years.  
c fluidization energy cost percentage from the total annual energy considering a pumps efficiency of 60%  
†Total annual cost of each media considering a total performance at 40 g media  
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Figure 4- 5: Cost-flow diagram of each media used in DFBBR 
 
4.4 Conclusions 
Biofilm structure, reactor performance, and energy consumption were studied in 
DFBBR at low C/N ratios. Particles sphericity played a significant role in biofilm 
morphology with the detachment rates for MB and NZ (both sphericities 0.9), 70% lower 
than for MX (sphericity = 0.6) and LR (sphericity = 0.5). Increasing of biofilm thickness 
observed in high-sphericity particles, i.e. MB and NZ did not appear to improve nitrogen 
removal efficiency at low C/N despite enhancing the carbon removal by 10%. 
Considering annualized overall costs, MB particle is the most suitable and economic 
media for DFBBR, with annualized overall cost of $1.56/kg. 
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CHAPTER  5  
IMPACT OF CALCIUM ON BIOFILM MORPHOLOGY, 
STRUCTURE, DETACHMENT AND PERFORMANCE IN 
DENITRIFYING FLUIDIZED BED BIOREACTORS 
(DFBBRS)* 
 
5.1 Introduction 
Fluidized bed bioreactor (FBBR) system is a promising technology for biological 
nutrient removal (BNR) and proves to be economic and efficient. Recently, several 
FBBRs have been used and investigated for the carbon oxidation, nitrification, 
denitrification, and anaerobic treatment of the municipal and industrial wastewater 
(Jannette et al., 1997, Cui et al., 2004, Eldyasti et al., 2010). Due to the large surface area 
of the media, which ranges from 2000 m2/m3 to 4000 m2/m3, the denitrifying fluidized 
bed bioreactor (DFFBR) can maintain very high biomass (biofilm) concentrations of up 
to 40,000 mg VSS/L (Shieh and Keenan, 1986, Mulcahy and Shieh, 1987).  
Biofilm accumulation is a dynamic process that is the net result of growth and the 
detachment processes and affected in the FBBR by several external factors, including 
wastewater composition and concentration, liquid velocity, concentration of particles, 
particle-particle collisions, and particle-wall collisions (Alves et al., 2002). Divalent 
cations, such as magnesium (Mg2+) and calcium (Ca2+), are a component of municipal 
wastewater that have been proven to influence activated sludge bioflocs and enhance the 
                                                
 
*!A version of this chapter has been submitted to Chemical Engineering Journal, 2013, CEJ-D-13-00442 
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density and settling properties (Higgins and Novak, 1997a,b, Higgins et al., 2004, 
Ahimou et al., 2007). Additionally, divalent cations have been shown to change the 
biofilm structure and detachment rate (Huang and Pinder, 1995, Körstgens et al., 2001, 
Ahimou et al., 2007), due to electrostatic interaction and bridging of negatively charged 
moieties of extracellular polymeric substances (EPS), as postulated by the divalent 
cations bridging theory (DCB) (Flemming and Wingender, 2001a,b). Simultaneously, 
divalent cations have an indirect role in attachment processes by acting as important 
cellular cations and enzyme cofactors (Flemming and Wingender, 2001a,b, Sobeck and 
Higgins, 2002, Kim and Jang, 2006, Song and Leff, 2006). While most of the studies of 
divalent cations have focused on suspended growth, i.e. activated sludge, there have also 
been investigations on biofilm systems that indicate the importance of the divalent 
cations. Turakhia and Characklis (1989) investigated a pure culture of Pseudomonas 
aeruginosa biofilms growing under different Ca2+concentrations of 0.4, 25, and 50 mg/L 
and observed that the increase in the Ca2+ ion concentration led to establishment of a 
thicker biofilm, due to the higher biofilm strength and lower detachment rate. It was 
further determined that Ca2+ addition did not affect the specific growth rate for 
Pseudomonas aeruginosa. Applegate and Bryers (1991) also observed an increase in the 
biofilm accumulation for Pseudomonas putida ATCC 11172 biofilms with the increase in 
Ca2+ concentration from 5 mg/L to 25 mg/L.  
Since the divalent cations are hypothesized to enhance bonding, some 
investigations have tried to quantify the effect of divalent cations on the cohesive 
properties of biofilms. Körstgens et al. (2001) measured the compressive strength of 
mucoid Pseudomonas aeruginosa biofilms grown on agar plates at different Ca2+ 
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concentrations ranging from 5 mg/L to 50 mg/L, using a film rheometer at a compression 
speed of 1 µm/s, and observed  that increasing the Ca2+ ion concentration increased the 
Young’s modulus of the biofilm. Further evidence of the role of cations bridging in 
enhancing biofilm strength was presented by Stoodley et al. (2001), who observed and 
quantified the deformation of colonies through digital image analysis by time-lapse 
microscopy. Moreover, Ahimou et al. (2007) also found that biofilms grown at elevated 
Ca2+ levels of 10 mg/L were significantly more cohesive. All these studies suggested that 
cations bridging is an important mechanism for the cellular cohesion in biofilms. 
As one of the few applications of the divalent cations to enhance biofilm 
performance in the literature for a continuous flow system, an aerobic moving bed 
bioreactor (MBBR) system treating synthetic municipal wastewater at a hydraulic 
retention time (HRT) of 2.6 hrs, and     studied by Goode and Allen (2011), showed that 
the optimum Ca2+ concentration in the range of 0-300 mg Ca2+/L was 50 mg Ca2+/L, 
above which higher numbers of protozoa and metazoan were observed. The 
aforementioned authors also concluded that the biofilms became thicker and denser with 
larger anoxic zones. All the aforementioned studies utilized pure culture biofilms, aerobic 
environments, and in continuously stirred-tank reactors (CSTRs) and thus do not reflect 
the biological environment and the unique hydrodynamics regime of denitrifying 
fluidized bed bioreactor (DFFBR) system. Hence, considering the importance of the 
biofilm morphology, structure, and detachment of the denitrifying biomass in the 
performance of DFBBR system and the opportunities for increasing the bioparticles 
loading rate, a comprehensive evaluation of biofilm morphology, adhesion, and 
detachment at different Ca2+ concentrations ranging from 20 mgCa2+/L to 240 mgCa2+/L 
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using synthetic municipal wastewater for 200 days was undertaken with a focus on (a) 
biofilm morphology (biofilm thickness and surface shape), (b) biofilm development and 
detachment, (c) EPS development, (d) biofilm strength, and (d) denitrification 
performance at average organic and nitrogen loading rates of 5.9±0.5 kg COD/(m3.d) and 
1.2±0.1 kg N/(m3.d), respectively. This study also investigated the effect of high organic 
and nitrogen loading rates of 7±0.1 kg COD/(m3.d) and 2±0.2 kg N/(m3.d), respectively 
on biofilm characteristics. 
5.2 Materials and Methods 
5.2.1 Wastewater Characteristics  
Laboratory-scale DFBBRs were fed with a synthetic municipal wastewater (SMW) 
prepared using tap water, which contained 20 mgCa2+/L, combined with concentrated 
stock solutions of CH3COONa (as carbon source), NaNO3 (as nitrogen source), and 
KH2PO4 (as phosphorus source) as well as a mineral stock solution at volumetric ratios of 
1:0.005, 1:0.001, 1:0.001 and 1:0.001 respectively. For the Ca2+ source, a stock solution 
of CaCl2 at a concentration of 10 gCa2+/L was prepared using deionized water. The four 
concentrated stock solutions contained 150 g CH3COONa/L, 100 g NO3/L, 20 g 
KH2PO4/L, 2.2 g CaCl2/L, and the mineral salt stock solution contained 75 mg 
NiCl·6H2O/L, 75 mg CoCl2·6H2O/L, 200 mg CuCl·2H2O/L, 125 mg ZnCl2/L, 1250 mg 
MnCl2·4H2O/L, 750 mg FeCl3·6H2O/L, 200 mg (NH4) 6Mo7O24·4H2O/L, 125 mg 
H3BO3/L, and 40 g MgSO4·H2O/L.  In order to study the impact of different Ca2+ 
concentrations on the biofilm structure and morphology, four Ca2+ concentrations over 
and above the ambient Ca2+ concentrations in tap water in increments of 60 mgCa2+/L 
were tested (Metcalf and Eddy, 2003). Therefore, the Ca2+ concentrations for bioreactors 
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(named as R20Ca, R60Ca, R120Ca, R180Ca, and R240Ca) were 20, 60, 120, 180, and 240 
mgCa2+/L, respectively. It is noteworthy that the effect of Ca2+ concentration was also 
studied without Ca2+ augmentation (20 mgCa2+/L) to assess the impact of low Ca2+ 
concentration, compared to the typical wastewater Ca2+ concentration (60 mgCa2+/L), on 
the biofilm structure and morphology.   
5.2.2 Experimental Setup  
The DFBBRs, depicted in Figure 5-1, comprise five identical plexi-glass reactors 
with heights of 100 cm and internal diameters of 2.54 cm corresponding to a working 
volume of 507 ml. A layer of stainsteel balls was added to the bottom of each reactor to 
ensure uniform liquid distribution and approximately each DFBBR was charged with 40 
g (dry weight) of media with an average particles diameter size (dm) of 600-850 µm, 
implying same shear stress and detachment forces (Shieh and Keenan, 1986, Gjaltema et 
al., 1997). Natural zeolite, produced by the Bear River Zeolite Inc. (Thompson( Falls,(
USA), was used with a dry and true density of 944 kg/m3 and 2496 kg/m3, respectively 
with a specific surface area determined by BET (Brunauer, Emmett, and Teller Theory) 
(Micrometrics ASAP 2010, Micrometrics Co., USA), of 15.5 m2/g with an internal and 
external porosities of 16% and 46%, respectively. 
The synthetic wastewater and recycled effluent were pumped into the bottom of 
each FBBR through peristaltic pumps (Masterflex I/P, Masterflex AG, Germany) to 
fluidize the media at the same initial shear force governed by the bed voidage and bed 
height for all bioreactors. In order to measure the recirculation flow rates of each 
bioreactor, the liquid recirculation flow rate was monitored using a tachometer (Ametek 
1726, US). The detailed operational conditions of the DFBBRs, as given in Table 5-1, 
were controlled by maintaining liquid recirculation. Superficial liquid velocity of 1.8±0.1 
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cm/s was maintained in each bioreactor. Minimum fluidization velocity (umf) was 0.36 
cm/s and the terminal settling velocity (ut) was 5.3 cm/s for each bioreactor. Anoxic 
conditions were monitored in the DFBBRs by oxidation-reduction potential (ORP) 
measurement. The reactor ORP, pH, and temperature were monitored using ORP meters 
(DPD1P5, pHD Sc Digital Differential pH/ORP Sensor, Loveland, USA). The process 
temperature was maintained at 20±3°C throughout the study. Excess biomass was 
collected with the effluent VSS that was measured during routine measurement of the 
continuous DFBBR system.  
 
Figure 5- 1: Schematic diagram of DFBBRs 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6-1: Schematic diagr  of DFB Rs  
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5.2.3 Acclimatization, Startup, and Reactors Operation 
The DFBBR reactors were inoculated with enriched denitrifres, acclimatized in 
the lab for 12 hrs using return activated sludge from the Adelaide Pollution Control Plant, 
London, Canada, with TSS and VSS concentrations of 3120 and 2750 mg/L, respectively. 
The seed sludge was recirculated in each reactor for 2 days and operated in a batch mode, 
after which the reactor was fed SMW at a flow rate of 20 L/d, corresponding to an 
organic loading rate of 5.9±0.5 kg COD/(m3.d). Within a period of one to two weeks, 
most of the particles in each reactor were coated with biomass. There was no explicit 
sludge wastage from the systems but rather the finial effluent VSS were construed as the 
excess sludge from the process.  
5.2.4 Analytical Methods 
Influent and final effluent samples were collected in airtight bottles twice a week, 
and refrigerated at 4°C prior to analysis. Total suspended solids (TSS), volatile 
suspended solids (VSS), biological oxygen demand (BOD), and total nitrogen (TN) were 
analyzed according to the Standard Methods (APHA, 1998). Alkalinity was measured by 
titration with 0.01 N H2SO4 in accordance with the Standard Method no. 2320 (APHA, 
1998). DO and ORP were measured in each reactor using an installed Thermo Orion (810 
A+) meter, and pH-11 series pH/(mV· ºC) meter (Oakton, Singapore) respectively. 
HACH methods and testing kits (HACH Odyssey DR/2800) were used to measure total 
chemical oxygen demand (COD), soluble chemical oxygen demand (SCOD), total 
phosphorus (TP), NO2-N, NO3-N, and PO4-P.   
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Calcium was analyzed in the influent, effluent, and biofilm by inductively 
coupled plasma (ICP) (Vista-Pro, VARIAN). Nitric acid (2%) was used for preparing all 
calibration standards and dilutions. Calibration curves were prepared using a mixed 
standard ICP solution no. 4 (100 mg/L) and single element ICP standard for calcium 
(2000 mg/L). Prior to analysis, all samples were acidified with 2% nitric acid and the 
biofilm and sludge samples were digested at 150oC for 30 mins and filtered using 0.45 
µm membrane filter.  
EPS extraction from the biofilm was conducted from 2-3 g bioparticles in each 
bioreactor suspended in a 20 mL vial and sonicated for 3 h at 30°C in an Aquasonic 
sonicator (SK 1200H Kupos, China) with a rated power of 45 Watts. The collected 
biomass was suspended in 50 mL of phosphate buffer at pH 7.5 and cooled to 4oC in an 
ice bath to minimize microbial activity. EPS were measured as proteins and 
carbohydrates, which typically are the dominant components of EPS (Frolund et al., 
1996). Proteins and carbohydrates EPS and (soluble microbial product) SMP 
concentrations were measured using a cations exchange resin (CER) (Dowex® 
Marathon® C, Na+ form, Sigma-Aldrich, USA) extraction method (Frolund et al., 1996). 
Glucose and bovine serum albumin (BSA) were used as the carbohydrate and protein 
standards, respectively (Dubois et al., 1956). The exchange resin (75 g of CER /g VSS) 
was added to a 200 mL sample and mixed at 600 rpm for 2 h at 4° C. The mixture was 
then centrifuged for 15 min at 12,000 g to remove the TSS. The centrifuged supernatant 
of the sample, after CER addition, represented the sum of EPS and SMP concentrations. 
Untreated biofilm was centrifuged for 15 min at 12,000 g, followed by filtration through 
a 0.45µm filter paper and the protein and carbohydrate concentrations of the filtrate 
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represented the SMP. The difference between these measurements was the EPS 
concentration.  
Biofilm thickness of the DFBBR particles was measured using a microscope 
(Mitutoya, Sakada, Japan) coupled with a camera (Leica DC 300, Germany), at a 
magnification of 80X. Attached biomass on each support media was measured according 
to the Standard Methods (APHA, 1998). Average roundness was determined for each 
bioparticles as the aspect ratio between the major and minor axis of the bioparticle ellipse 
equivalent. Approximately 2-3 g bioparticles were taken from each column at three 
heights, suspended in a 50 ml vial, and sonicated for 3 h at 30°C in an Aquasonic 
sonicator (Model 75HT, ETL Laboratory Testing, Inc., New York). After sonication, the 
VSS content of the detached biomass was measured and the sonicated particles were 
cleaned and weighted after drying at 550°C for 1 h. The paired student t-test was 
conducted to determine the statistical significance of the observed differences between 
the experimental data at the 95% confidence level.  
The physical strength of biofilm to withstand high abrasion, erosion, sloughing, 
and shear forces was determined as the integrity coefficient (IC) (%) and defined as the 
ratio of the residual biofilm on the media to the total weight of the initial bioparticles 
after 30 mins of shaking at 350 rpm on a platform shaker (Dubois et al., 1956).   
In order to determine the difference between the biofilm structure and 
morphology, samples were collected for scanning electron microscopy (SEM) equipped 
with energy-dispersive X-ray (EDX) (Hitachi VP-SEM, Japan). The EDX method was 
used to qualify the availability of each element of the biofilm structure and map the 
morphology composition. Thereafter, X-ray photoelectron spectroscopy (XPS) (Krotos 
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Analytical LTD., UK) was used to quantifying the chemical composition of the biofilm at 
different calcium concentrations. Biofilm samples for SEM, EDX, and XPS were fixed in 
a 2% glutaraldehyde solution for 2 hrs. The water of the fixed samples was replaced in an 
ethanol dehydration series in a filter kit on a 0.45 µm membrane filter paper by sequential 
exposure to 25%, 50%, 75%, and 100% ethanol (EtOH(aq)) (v/v) solutions. At each step, 
the liquid was completely replaced with the new solution and left to sit for 15 mins. 
Biofilm samples were wrapped in the filter paper and placed in a SEM studs and stored in 
100% ethanol. Stored samples were finally dried in a critical point dryer (CPD) (ACPD 
Leica EM COD 300, Germany) and coated with gold-sputter prior to analysis.  
5.2.5 Batch Denitrification Tests 
Batch tests were conducted to examine the maximum specific denitrification rates 
(SDNR) of the attached biomass of the DFBBR bioparticles. The 0.5 L batch reactors 
were equipped with magnetic stirrers and operated under anoxic (maintained airtight to 
avoid intrusion of oxygen from air) conditions at different initial substrate to 
microorganisms (So/X) ratios of 0.50-0.65 g COD/g VSS. Sodium nitrate at a 
concentration of 20-25 mg NO3-N/L as well as acetic acid (as readily biodegradable 
carbon source) of 300-400 mg/L were added. To reduce the effect of substrate mass 
transfer limitation into the biofilm, the biofilms were removed from 3-4 g media using 
sonication and then placed into the reactors. Nitrate concentrations were monitored for 6-
7 h to determine the maximum denitrification rates. 
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5.3 Results and Discussion 
5.3.1 DFBBRs Performance  
The five DFBBRs columns were tested at an average flow rate of 20 L/d for 200 
days with different Ca2+ concentration ranging from 20 mgCa2+/L (background 
concentration in tap water) to 240 mgCa2+/L at an average organic and nitrogen loading 
rates of 5.9±0.5 kg COD/(m3.d) and 1.2±0.1 kg N/(m3.d), respectively for phase I. In 
phase II, the DFBBRs columns were tested at higher organic and nitrogen loading rates 
of 7±0.1 kg COD/(m3.d) and 2±0.2 kg N/(m3.d), respectively. The aforementioned 
organic and nitrogen loading rates represent two different carbon-to-nitrogen (C/N) ratios 
of 5 and 3.5 for phases I and II, respectively, to study the effect of low C/N ratio on 
bioparticles. In order to ensure attainment of the steady-state conditions in all DFBBRs, 
the attached and suspended biomass in each column were measured and depicted in 
Figures 5-2a and 5-2b. After reaching steady-state, the coefficient of variation (COV) 
defined as the standard deviation divided by the mean for attached biomass of each 
column varied from 3% to 15%. Although it is arguable that suspended VSS 
concentrations varied more widely than attached biomass, as reflected by COV of 8% to 
30%, this process is indeed a fixed film system with 99.9% of the biomass inventory in 
the form of attached biomass. Moreover, the denitrification activity per gram VSS of 
each column depicted in Figure 5-2a demonstrates that the SDNR COVs were 3.9%, 2%, 
3%, 5%, and 2.4%, respectively, indicating that the attached biomass and biomass 
activity reached steady-state. 
Figures 5-3a and 3b show the diurnal effluent COD and nitrogen concentrations 
with removal efficiencies summarized in Figures 5-3c and 3d. As illustrated in Table 5-2 
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and Figure 5-3c, COD removal efficiency of R20Ca was 73% while these for R60Ca, R120Ca, 
R180Ca, and R240Ca were in the range of 83% to 90% at an organic loading rate (OLR) of 
5.9±0.5 kg COD/ m3.d. For R20Ca reactor, the lower COD removal efficiency of 73% was 
due to the relatively higher effluent VSS concentration of 28 mg/L and a lower biofilm 
thickness of 100 µm. Moreover, at a nitrate-nitrogen loading rate of 1.2±0.1 kg N/m3.d, 
nitrogen removal efficiencies of R20ca was 90% as compared to 96% to 98% for other 
reactors. The differences between the carbon removal efficiencies for the different Ca2+ 
concentrations have been confirmed to be statistically significant at the 95% confidence 
level using paired t-test while for nitrogen removal efficiencies, the differences were 
insignificant.  
Interestingly, in phase II with a higher COD and nitrogen loading rates of 7±0.1 
kg COD/(m3.d) and 2±0.2 kg N/(m3.d) and lower C/N ratio of 3.5, the lower Ca2+ 
concentration reactors (R20ca and R60ca) removal efficiencies dropped significantly by 13% 
and 20%, respectively, due to a higher biofilm detachment as reflected by higher effluent 
VSS concentrations of 39 and 31 mg/L for R20ca and R60ca, respectively. At a Ca2+ 
concentration of 120 mgCa2+/L (R120Ca), complete denitrification was achieved for over 
50 days with an average effluent nitrate concentration of 0.6 mg/L. A slight decrease of 
the nitrogen removal efficiency by 6% for R180Ca and R240Ca was observed due to a slight 
loss of the biofilm and excessive accumulation of the Ca2+ concentration on the biofilm, 
which caused biofilm cracks. Moreover, the specific denitrification rates (SDNRs) of 
R20Ca, R60Ca, R120Ca, R180Ca, and R240Ca estimated based on available anoxic biomass and 
amount of nitrogen denitrified in an offline bench scale tests, were 0.35, 0.42, 0.58, 0.42, 
and 0.45 g NO3-N/g VSS. d, respectively in phase I while at a COD/N ratio of 3.5 (Phase 
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II), the SDNR results for R20Ca and R60Ca of 0.19, and 0.34 g NO3-N/g VSS. d, respectively 
confirmed the deteriorated performance (Figure 5-2a). 
 
 
 
 
 
 
   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6-2: (a) attached VSS inventory, (b) suspended VSS inventory, (c) average and SD of the attached VSS, and 
(d) Biomass yield. 
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Figure 5- 2: (a) attached VSS inventory, (b) suspended VSS inventory, (c) average and SD of the 
attached VSS, and (d) Biomass yield 
 
5.3.2 Biomass Yield 
Biomass yields, calculated as the sum of the net change in attached biomass, 
sludge wastage, and effluent solids divided by the total COD consumed are depicted in 
Figure 5-2d.  
Figure 5-2d shows the observed yields (as linear regressions between cumulative 
biomass and cumulative COD removal) of 0.20, 0.14, 0.10, 0.12, and 0.11 g VSS/g COD 
for R20Ca, R60Ca, R120Ca, R180Ca, and R240Ca, respectively in phase I corresponding to an 
overall solids retention times (SRTs) of 14, 49, 83, 61, and 54 d, respectively. In phase II, 
the overall SRT decreased by 30%-50% for R20Ca and R60Ca but remained constant for the 
other reactors confirming the improvement of the biofilm physical strength at the high 
Ca2+ concentrations (R120Ca, R180Ca, and R240Ca).  
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Figure 5- 3: (a) Influent TCOD and effluent SCOD, (b) Influent and effluent nitrate concentration, (c) 
Organic removal efficiencies, and (d) Nitrogen removal efficiencies 
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Figure 6-3: (a) Influent TCOD and effl e t OD, (b) Influent and effluent nitrate concentration, (c) Organic 
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The SRTs were calculated using Equation (5.1), where M is the weight of 
particles (g), Xanoxic is the attached VSS (mg) per gram media, VSSeffluent is the 
concentration of biomass in the effluent (mg/L), and Qeffluent is effluent flow rate (20 L/d). 
Comparison between observed yields and the estimated yields, as reported in Table 5-3, 
considering stoichiometric yield coefficient of 0.54 g COD/g COD (ASM2, Henze et al., 
1995) which is typically 15% lower than the aerobic yield, process SRTs, decay 
coefficient for heterotrophic (Kd) of 0.1 d-1, and fraction of inert biomass that remains as 
cell debris (fd) of 0.15 g VSS/g VSS (Metcalf and Eddy, 2003), the estimated yields of 
0.10 - 0.20 g VSS/g COD are in close agreement with the observed yields of 0.20, 0.14, 
0.10, 0.12, and 0.11  g VSS/g COD in R20Ca, R60Ca, R120Ca, R180Ca, and R240Ca reactors, 
respectively.  
………..………………. Equation (5.1) 
5.3.3 Biofilm Morphology  
Biofilm morphology, i.e. biofilm thickness, surface shape, structure, and surface 
roughness varied widely with the change of Ca2+ concentrations. The biofilm thicknesses 
for R20Ca, R60Ca, R120Ca, R180Ca, and R240Ca were 100, 680, 550, 522, 535 µm, respectively. 
The differences between the biofilm thicknesses for low and high Ca2+ bioparticles have 
been confirmed to be statistically significant at the 95% confidence level using paired t-
test. The biofilm surface shape and structures changed significantly with the increase of 
Ca2+ concentrations. At a Ca2+ concentration of 20 mgCa2+/L (R20Ca), the biofilm was 
patchy (Figures 5-4b and 5-5a-1) with an average roundness, calculated as the aspect 
ratio between the minor and major axes of the ellipse that was equivalent to the 
bioparticles of 0.70.  
SRT = Manoxic XanoxicQeffluentVSSeff
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A fluffy protruding biofilm was maintained at 60 mgCa2+/L (R60Ca) with a very 
low aspect ratio of 0.30 as shown in Figures 5-4c and 5-5b-1. Furthermore, at the high 
Ca2+ concentrations ranging from 120-240 mgCa2+/L, very compact and uniform round-
shape biofilm structures were maintained with an aspect ratio of more than 0.92 as shown 
in Figures 5-4d, 5-4e, 5-4f, 5-5c-1, 5-5d-1, and 5-5e-1. Furthermore, the biofilm surface 
roughness of different bioparticles was monitored using the high magnification of SEM 
images.  
As depicted in Figures 5-5a-2 and 5-5b-2, the biofilm roughness at Ca2+ 
concentration of 20 and 60 mgCa2+/L was very low compared to the high Ca2+ 
concentrations bioparticles (Figures 5-5c-2, 5-5d-2, and 5-5f-2). It is noteworthy that the 
physical strength of low Ca2+ concentration bioparticles of 20 and 60 mgCa2+/L  (patchy 
and fluffy biofilms), determined by the integrity coefficient (IC), was measured in a 
range of 0.04 and 0.11, respectively. 
In contrast, the round-shaped biofilms at the high Ca2+ concatenations of R120Ca, 
R180Ca, and R240Ca had ICs of 0.84, 0.80, and 0.81 with a standard division of ±0.09. It is 
clear that the biofilm strength of uniform round-shape structure at high Ca2+ 
concentrations improved by about an order of magnitude. The first-order detachment rate 
coefficients (d-1), reported in Table 5-1, were calculated using Equation (5.2), where the 
total daily amount of biomass (as VSS) leaving the reactor effluent (Xl) was divided by 
the total amount of attached biomass (Xm) available in the reactor estimated as the 
product of particles in the reactor and attached biomass concentrations (Nakhla and 
Suidan, 2002, Patel et al., 2005). 
…………….….…………… Equation (5.2) b' = QX1MXm
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Figure 5- 4: Biofilm morphology of DFBBR’s bioparticles 
 
 
 
  
  
  
 
Figure 6-4: Biofil  morphology of DF s bioparticles 
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As apparent from Table 5-1, the first-order detachment rate coefficients in phase I 
for R120Ca was 0.005 d-1, 75% lower than the 0.02 d-1 for R60Ca, R180Ca, and R240Ca while at 
R20Ca with the patchy biofilm, the detachment rate coefficient was 28 times higher than 
R120Ca. It is interesting to note that the increase of the organic and nitrogen loading rate 
and decrease of the C/N ratio by 30% (phase II) changed the detachment rate coefficients 
significantly and confirmed the performance deterioration of the low Ca2+ concentration 
reactors (R20Ca and R60Ca). As illustrated in Table 5-1, the detachment rates of R20Ca and 
R60Ca increased significantly by 3 and 6 times, respectively, relative to phase I. At the 
high Ca2+ concentration of R180Ca, the detachment rates increased slightly by 17% while in 
case of round-shape biofilm and with a better biofilm characteristic in R120Ca, the 
detachment rate decreased by 40%, confirming the high value of the integrity coefficient 
(IC) at the Ca2+ concentration of 120 mgCa2+/L.  
It is noteworthy that the biofilm characteristics at 120 mgCa2+/L managed to 
maintain a stable organic and nitrogen removal performance and even more to reduce the 
biofilm detachment rate. Additionally, in the case of R240Ca, the detachment rate at a C/N 
of 3.5:1 was 60% higher than the one measured at high C/N ratio. It is interesting to note 
that the increase in the detachment rates at low C/N ratio is consistent with the Li et al. 
(2008), Miqueleto et al. (2010), Ras et al. (2011), and Ye et al. (2011). Hence, the Ca2+ 
concentration of 120 mgCa2+/L contributed to biofilm adhesion and growth and 
maintained a low detachment rate of 0.005 d-1. 
5.3.4 Biofilm EPS  
Biofilm EPS were measured during the steady-state operation. Statistical analysis 
using paired t-tests indicated that the difference between averages EPS concentrations 
were significant at the 95% confidence level. 
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Figure 5- 5: Scanning Electron Microscope (SEM) of DFBBR’s bioparticles 
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Table 5-2 shows the concentrations of carbohydrates and protein, which typically 
are the dominant components of EPS. The total EPS concentrations of R20Ca and R60Ca 
were 9.7 and 13.7 mg/g VSS while at higher Ca2+ concentrations of 120, 180, and 240 
mgCa2+/L, the EPS concentrations were 22, 20.6, and 20.9 mg/gVSS, respectively in 
phase I.  
In phase II, the total EPS concentrations at the lower C/N ratio of 3.5 for R20Ca 
decreased by 24% while in the other columns, the EPS concentrations remained almost in 
the same range. As summarized in Table 5-2, the protein to carbohydrates ratio (P/C) at 
low Ca2+ concentration of 20 mgCa2+/L was 0.8 while with the increase of the influent 
Ca2+ concentrations, the P/C ratio increased to a range of 1.3 to 1.7. Therefore, the 
increase of the Ca2+ concentration enhanced the protienaceous composition of the biofilm 
and increased the biofilm physical strength. This finding and results in stronger cohesive 
properties is consistent with the literature that the increase of the P/C ratio improve the 
biofilm physical strength and structure (Branda et al., 2005, Ahimou et al., 2007)  
5.3.5 Nutrient Mass Balances 
Table 5-3 and Figure 5-3 present the overall mass balances for COD, nitrogen, 
and alkalinity for phases I and II at a flow rate of 20 L/d, where positive values indicate 
removal and negative values denote generation. The mass balances were based on the 
experimental data for the influent, effluent, and sludge wastage characteristics. 
Approximately 73% and 82% of the influent COD was utilized in the R20Ca and R60Ca 
columns as compared with 86%-89% for high Ca2+ concentration reactors (R120Ca, R180Ca, 
and R240Ca). COD consumption estimated using Equation (5.3) (Metcalf and Eddy, 2003), 
considering the observed biomass yield of 0.20 g VSS/g COD and 0.14 g VSS/g COD 
were 2180 mg COD/d and 2470 mg COD/d, respectively while in case of R120Ca, R180Ca, 
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and R240Ca, the COD consumptions were in a range of 2570-2670 mg COD/d in phase I. 
COD removal by denitrification for R20Ca, R60Ca, R120Ca, R180Ca, and R240Ca were 4, 3.7, 3.3, 
3.4, and 3.4 g CODconsumed/ g NO3-Nremoved for both phases. COD mass balance closure 
(%) calculated using influent and effluent COD concentrations, and waste biomass COD 
were approximately 94% in R20Ca and 86% in R60Ca in phase I and ranged from 80% to 82% 
at influent Ca2+ concentrations of 120 - 240 mgCa2+/L. The relatively low COD closure 
point to a chemical mechanism for COD reduction not reflected in the mass balance. The 
accumulation of COD in the biofilm was confirmed by quantitative profiling of the 
bioparticles using X-ray photoelectron spectroscopy (XPS) and the biofilm mapping by 
EDX method. The biofilm carbon concentrations for R20Ca, R60Ca, R120Ca, R180Ca, and 
R240Ca were 12.2%, 28.6%, 42.6%, 30.8%, and 31.5%, respectively at steady state 
condition (after 130 days). It is noteworthy that the carbon content of bacterial biofilms 
structure increased with the Ca2+ concentration peaking at 42.6% for the R120Ca, and 
subsequently declining thereafter. Moreover, the close agreement of biofilm carbon 
content for R60Ca, R180Ca, and R240Ca (28.6, 30.8, and 31.5%) as well as COD mass balance 
closure of 86%, 82%, and 80% in phase II is conspicuous.  
Interestingly, in phase II with a lower C/N ratio, the bacterial biofilm tended to 
degrade the carbon accumulated in the biofilm for R20Ca and R60Ca and this was confirmed 
by the XPS and the biofilm mapping by EDX for R20Ca and R60Ca, of 5.7% and 19.7%, 
respectively due to the limitation of COD and the starvation of the biomass available at 
the bioparticles while for R120Ca, R180Ca, and R240Ca the carbon accumulated in the biofilm 
were in the same range of phase I of 40.3%, 29%, and 29.8%. Interestingly, considering 
the observed yield and COD required for denitrification, the denitrification process of 
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R20Ca and R60Ca required a COD substrate of 4 and 3.7 for each g of NO3-N which is 
limited to 3.5 in phase II. Thus, the denitrification performance decreased and the 
bacteria were tried to degrade the accumulated carbon source of the biofilm. Hence, 
maintaining a strong biofilm with a limited carbon substrate helped the biofilm achieve a 
stable performance and a nitrogen removal efficiency of over 99% at an OLR of OLR of 
7±0.1 kg COD/ m3.d and NLR of 2±0.2 kg N/ m3.d. 
COD consumption for denitrification = ……………. Equation (5.3) 
Furthermore, Table 5-3 shows that 550-600 mg NO3-N/d were removed 
concomitant with the alkalinity generated of 1950-2120 mg as CaCO3/d, which based on 
the 20 l/d wastewater flow is about 100 mg CaCO3/L for phase I, in close agreement with 
the average of 100-112 mg CaCO3/L shown in Table 5-2. In phase II, the overall nitrate 
removal in all reactors increased to 720-1000 mg NO3-N/d concomitant with the 
alkalinity generated of 2580-3350 mg as CaCO3/d as shown in Table 5-3. Phosphorus 
removal was found to be due to the biomass assimilation and chemical precipitation in 
form of calcium phosphate (Ca3(PO4)2). Based on the biomass yields, phosphorus utilized 
for biomass synthesis was approximately 8-12 mg/d corresponding to 25-30% removal 
efficiency of the influent synthetic wastewater phosphorus, consistent with the 
experimental data (Table 5-2). The additional phosphorus removal was as a result of 
precipitation predominantly by the influent calcium as CaCl2 in accordance with 
Equation (5.4).  Based on the stoichiometric equilibrium of the aforementioned equation, 
13.2 mg P/d was removed for each g Ca2+ accumulated. Therefore, the total phosphorus 
removed by chemical precipitation of R20Ca, R60Ca, R120Ca, R180Ca, and R240Ca were 13, 31, 
2.86
(1−1.42×Y )
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50, 55, and 56 mg P/d, respectively in both phases, which resulted in phosphorus mass 
balance closures of about 97-99%.  
3CaCl2 + 2K3PO4 → Ca3(PO4)2 + 6KCl.........................Equation (5.4) 
5.3.5.1 Calcium Fate  
Calcium accumulation in the biofilm by precipitation was the inevitable to close 
the mass Ca2+ balance of the in the DFBBR. The chemical precipitation Ca2+of basically 
depends on the pH. Therefore, considering a pH environment less than 10 of DFBBR 
columns and denitrification process, some Ca2+ precipitations mechanisms will not occur, 
i.e. calcium carbonate (CaCO3) chemical precipitation. Moreover, based on the 
aforementioned alkalinity mass balance, CaCO3 generations were concomitant with 
denitrification rate and did not contribute to any chemical calcium carbonate 
accumulation in the denitrification biofilms. Calcium phosphates are normally considered 
as dicalcium phosphate (CaHPO4), octacalcium phosphate (Ca4H)PO4)3, tricalcium 
phosphate Ca3(PO4)2, and hydroxyapatite (Ca5OH(PO4)3 (Arvin, 1979). In this study, 
Ca2+ was fed as calcium chloride (CaCl2) and therefore, the tricalcium phosphate 
Ca3(PO4)2 was the main form for precipitation process (Equation 5.4).  
As shown in Table 5-3 and Figure 5-6, the total Ca2+ concentration in the biofilm 
was proportional to the Ca2+ concentration in the influent of DFBBR. Biofilm Ca2+ 
accumulation rate was in range of 0.14-0.40 g/day for R20Ca and R60Ca while in case of 
influent Ca2+ concentration over 120 mgCa2+/L, the biofilm accumulation rate increased 
by 270% over R20Ca in phase I. In phase II, the biofilm Ca2+ accumulation rate decreased 
significantly for R20Ca and R60Ca by 70%.  
The aforementioned drop in the biofilm calcium accumulation rates were 
confirmed by the increase of biofilm detachment rates as illustrated in Table 5-1. It is 
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noteworthy that while the biofilm Ca2+ accumulation rate in phase II for R20Ca and R60Ca 
decreased by 270%, the biofilm Ca2+ per VSS doubled due to the drop in the VSS 
attached per g media, effectively decrease nitrate removal efficiency by 30% and the 
SDNR by 45%. For R180Ca and R240Ca, the biofilm accumulation decreased by 30%-60% 
due to biofilm cracking and loss. Interestingly, in case of R120Ca, the biofilm Ca2+ 
accumulation rate remained constant and maintained a strong biofilm with relatively 
higher performance. Considering the overall cumulative Ca2+ mass balance during both 
phases, the Ca2+ closures for all reactors were in range of 91-100% as shown in Table 5-3 
and Figure 5-6. 
 
 
 
  
  
  
 
Figure 6-6:  Cumulative Ca2+ mass balance of (a) 20 mg Ca2+/L, 60 mg Ca2+/L, 120 mg Ca2+/L, 180 mg Ca2+/L, and 
240 mg Ca2+/L (Including cumulative Ca2+ mass balance captured as the sum of liquid and attached divided by the 
influent calcium, at selected times)  
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Figure 5- 6: Cumulative Ca2+ mass balance of (a) 20 mg Ca2+/L, 60 mg Ca2+/L, 120 mg Ca2+/L, 180 
mg Ca2+/L, and 240 mg Ca2+/L (Including cumulative Ca2+ mass balance captured as the sum of 
liquid and attached divided by the influent calcium, at selected times) 
5.4 Conclusions 
Biofilm morphology, structure, and reactor performance were studied in DFBBR 
at different Ca2+ concentrations. Elevated Ca2+ concentrations played a significant role in 
biofilm morphology with the detachment rates for R120Ca, R180Ca, and R240Ca 90% and 70% 
lower than for R20Ca and R60Ca, respectively. Increasing influent Ca2+ concentrations 
played a significant role in maintaining a strong biofilm in DFBBR system and enhancing 
the organic and nitrogen removal rates. Moreover, the biofilm with integrity coefficient 
(IC) more than 0.80 and a leading Ca-bearing wastewater at 60 mg/L over the typical 
municipal wastewater concentration maintained a higher content of biofilm carbon and a 
stable denitrification performance as reflected by nitrogen removal efficiency of over 99% 
at an OLR of 7±0.1 kg COD/ m3.d and NLR of 2±0.2 kg N/ m3.d. Therefore, the 
optimum influent Ca2+ concentration at both organic and nitrogen loading rates was 120 
mg Ca2+/L, with higher concentrations exhibiting fractured and weak biofilms. This 
research emphatically proves that calcium augmentation can be successfully utilized to 
improve biofilm processes stability. 
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240 mg Ca2+/L (Including cumulative Ca2+ mass balance captured as the sum of liquid and attached divided by the 
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CHAPTER  6  
NITROUS OXIDE (N2O) EMISSIONS FROM 
DENITRIFYING FLUIDIZED BED BIOREACTORS 
(DFBBRS)* 
6.1 Introduction 
Anthropogenic greenhouse gases (AnGHGs) emissions are globally recognized by 
the United Nation framework Convention on Climate Change (UNFCCC) (UNFCCC, 
2007). GHGs include carbon dioxide (CO2), methane (CH4), and nitrous oxide (N2O). 
N2O, the dominant ozone-depleting substance, is the third most important GHGs with a 
global warming potential (GWP) of 310 times that of CO2 (IPCC, 2007, Ravishankara et 
al., 2009).  
Wastewater treatment plants (WWTP) employing biological nutrient removal 
(BNR) are an important anthropogenic source of N2O emissions and are estimated to 
account for 3.2% of the global anthropogenic N2O emission (Sahley et al., 2006, 
Kampschreur et al., 2009). Considering the widespread use of BNR processes due to the 
rigorous effluent water quality standards, there is a potential that N2O emissions from 
WWTP will increase.  
Generally, BNR processes are composed of nitrification and denitrification stages. 
In the product, intermediates, and substrate of nitrification and denitrification processes, 
the dominant role of nitrogen ability in N2O emission is unequivocal (Park et al., 2000). 
                                                
 
* A version of this chapter has been submitted to Chemosphere, 2013, CHEM28551 
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During nitrification, N2O can be produced through the aerobic hydroxylamine 
oxidation of ammonia oxidizing bacteria (AOB). This hydroxylamine, generated during 
ammonia oxidation, is oxidized to NO directly under the catalysis of hydroxylamine 
oxidoreductase  (HAO) encoded by the heoAB genes, and reduced to N2O under the 
catalysis of c554 cytochrome (Cyt c554) (Chandran et al., 2011, Stein, 2011). N2O also 
can be produced through chemical decomposition of intermediate from the oxidation of 
NH4 to NO2 (Ritchie and Nicholas, 1972). During the denitrification process, N2O is one 
of obligatory intermediates in the biochemical reaction by heterotrophic denitrifying 
bacteria (HDN) where NO3-N is reduced to NO2-N and N2O, with N2O finally reduced to 
N2 gas (Hu et al., 2013). The reduction of NO3 to N2 involved six enzymes and reductase 
using five electrons (Desloover et al., 2012). First, the NO3 is reduced to NO2 by 
periplasmatic nitrate reductase (NAP) and membrane-bound nitrate reductase (NAR). 
Second, the reduction of NO2 to NO involving Cu-containing nitrite reductase (NirK) and 
cytochrome cd1 nitrite reductase (NirS) occurs.  
Using the nitric oxide reductase (NOR), the NO is reduced to N2O. Finally, N2O 
is reduced to N2 with help of nitrous oxide reductase (NOS) as shown in Figure 6-1a 
(Desloover et al., 2012). 
Most of the studies on N2O emissions from BNR systems were conducted 
predominantly for suspended growth system, i.e. activated sludge system and sequential 
batch reactor (SBR), and few studies have been conducted to investigate the N2O 
emission in particulate bioparticles systems. Garrido et al., (1997) studied the N2O 
emissions from biofilm airlift suspension (BAS) during the nitrification process at an 
ammonia loading rate of 5 kgN-NH4/m3.d and reported an N2O production of up to 2 
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kgN-N2O/m3.d whereas, Gaëlle et al., (2006) studied the N2O emissions from biofilters 
during nitrification and denitrification processes at a nitrogen loading rate of 2.2 
kgTN/m3.d and found that 1% of the oxidized ammonium was emitted as N2O during 
nitrification and up to 1.3% of the nitrate removed during the denitrification stage. 
 
Figure 6- 1: (a) Conceptual overview of the N2O production and consumption pathways of biofilm 
during denitrification process including periplasmatic nitrate reductase (NAP), membrane-bound 
nitrate reductase (NAR), Cu-containing nitrite reductase (NirK), cytochrome cd1 nitrite reductase 
(NirS), nitric oxide reductase (NOR), and nitrous oxide reductase (NOS), and (b) Schematic diagram 
of DFBBRs 
 
Among the biological processes for the municipal and industrial wastewater, the 
denitrification fluidized bed bioreactor (DFBBR) system is a promising particulate 
bioreactor for the biological nutrient removal (BNR) and proves to be economic and 
efficient with a large surface area ranges from 2000 m2/m3 to 4000 m2/m3 which 
maintaining a very high biomass (biofilm) concentrations of up to 40,000 mg VSS/L 
(Shieh and Keenan, 1986, Mulcahy and Shieh, 1987). As a result of much higher 
bioparticle density per unit reactor volume and smaller media size, the DFBBR exhibits 
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very different hydrodynamics properties i.e. biofilm thickness, detachment rates, and 
attrition rates (Shieh and Keenan, 1986, Mulcahy and Shieh, 1987).  
Thus, the primary goal for this study was to investigate N2O emissions from a 
DFBBR and conduct a comprehensive nitrogen mass balance. This work for the first time 
provides an insight into measurements of N2O emission and conversion rates in DFBBR, 
which will help improve the design and operation of such systems. This study also aimed 
at examining the relationship between the N2O emission and nitrite concentrations during 
denitrification at two different carbon to nitrogen ratio. Furthermore, after the limited 
carbon phase, the DFBBR was tested at chemical oxygen demand (COD)-nitrogen ratio 
(COD/N) of 5 again for 50 days to investigate the dynamics of N2O emissions for the 
particulate biofilm. Additionally, N2O emissions from DFBBR were further compared to 
those in other BNR systems.  
6.2 Materials and Methods 
6.2.1 System Description 
The anoxic fluidized bed bioreactor comprised a plexi-glass reactor with a total 
working volume of 507 ml, height of 100 cm, and internal diameter of 2.54 cm was used 
and sealed to collect the denitrification gaseous byproducts from the headspace volume of 
101 ml i.e. the total reactor volume was 608 ml. In order to maintain a uniform liquid 
distribution, a layer of stainsteel balls was added to the bottom of the reactor with an 
average diameter of 1 mm as shown in Figure 6-1b. The reactor was charged with 40 g 
natural zeolite (Bear River Zeolite Inc., USA) with an average particle diameter size (dm) 
of 600-850 µm. The dry and true densities of the natural zeolite were 944 kg/m3 and 2496 
kg/m3, respectively with a specific surface area determined by BET (Brunauer, Emmett, 
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and Teller Theory) (Micrometrics ASAP 2010, Micrometrics Co., USA), of 15.5 m2/g 
with internal and external porosities of 16% and 46%, respectively. 
The system was fed a synthetic municipal wastewater (SMW) prepared using tap 
water combined with concentrated stock solutions of carbon, nitrogen, and phosphorus as 
CH3COONa, NaNO3, and KH2PO4, respectively along with a mineral stock solution at 
volumetric ratios of distilled water to stock solution of 1:0.005:0.001:0.001:0.001, 
respectively. The SMW stock solutions contained 150 g CH3COONa/L, 100 g NO3/L, 20 
g KH2PO4/L, along with a mineral concentrations of 75 mg NiCl·6H2O/L, 75 mg 
CoCl2·6H2O/L, 200 mg CuCl·2H2O/L, 125 mg ZnCl2/L, 1250 mg MnCl2·4H2O/L, 750 
mg FeCl3·6H2O/L, 200 mg (NH4) 6Mo7O24·4H2O/L, 125 mg H3BO3/L, 40 g 
MgSO4·H2O/L, and 6 g CaCl2·H2O/L.  
The SMW and recycled effluent were pumped into the bottom of the DFBBR 
through a peristaltic pump (Masterflex I/P, Masterflex AG, Germany) to fluidize the 
media. In order to measure the recirculation flow rate, the liquid recirculation flow rate 
was monitored using a tachometer (Ametek 1726, US). The detailed operational 
conditions of the DFBBR, as given in Table 6-1, were controlled by maintaining liquid 
recirculation. The process temperature was maintained at 20±3°C throughout the study.  
Table 6- 1: Operational conditions of DFBBR during the N2O measurements 
 
 27 
Table 1: Operational conditions of DFBBR 452 
Parameter Phase I Phase II Phase III 
Influent flow, Qin (L/d)  20±2 20±2 20±2 
Average organic loading (kg COD/m3·d)  5.9±0.5 7±0.1 5.9±0.7 
Average nitrogen loading (kg N/m3·d)  1.2±0.1 2±0.2 1.2±0.2 
Average phosphorus loading (kg P/m3·d)  0.10±0.02 0.10±0.02 0.10±0.03 
HRT (hr)  0.6 0.6 0.6 
Avg. attached biomass (mg VSS/g media)                                                                      45±4 31±4 42±6 
Food/microorganisms ratio (g COD/g VSS·d)                                         0.17 0.24 0.16 
Detachment rates (d-1)                 0.019 0.145 0.056 
Estimated SRT (d)                       49 34 44 
Running time (d) 150 50 50 
 453 
 454 
455 
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6.2.2 Acclimatization, Reactor Startup, and Operation 
Enriched denitrifiers, collected from a return activated sludge (TSS = 3120 mg/L 
and VSS = 2750 mg/L) of the Adelaide Pollution Control Plant, London, Canada, were 
acclimatized in the lab for 12 hrs. The seed sludge was recirculated for 2 days and 
operated in a batch mode, after which the reactor was fed SMW at a flow rate of 20 L/d, 
corresponding to an organic loading rate of 5.9 COD/(m3.d). Within a period of one to 
two weeks, most of the particles were coated with biomass.  
6.2.3 Analytical Methods 
Liquid and gas samples were collected from the DFBBR system twice a week for 
routine analysis. Influent and final effluent liquid samples were collected in airtight 
bottles and refrigerated at 4°C prior to analysis. Total suspended solids (TSS), volatile 
suspended solids (VSS), biological oxygen demand (BOD), and total nitrogen (TN) were 
analyzed according to the Standard Methods (APHA, 1998). Alkalinity was measured by 
titration with 0.01 N H2SO4 in accordance with the Standard Method no. 2320 (APHA, 
1998). DO and ORP were measured using an installed Thermo Orion (810 A+) meter, 
and pH-11 series pH/(mV· ºC) meter (Oakton, Singapore) respectively. HACH methods 
and testing kits (HACH Odyssey DR/2800) were used to measure total chemical oxygen 
demand (COD), soluble chemical oxygen demand (SCOD), total phosphorus (TP), NO2-
N, NO3-N, and PO4-P. EPS extraction from biofilm was conducted from 2-3 g and 
followed the extraction method by Frolund et al., (1996).  
Biofilm thickness of the DFBBR particles was measured using a microscope 
(Mitutoya, Sakada, Japan) coupled with a camera (Leica DC 300, Germany), at a 
magnification of 80X. Attached biomass was measured according to the Standard 
Methods (APHA, 1998).  
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Gas samples were collected in an auto-sealed gas-sampling syringe for NO, N2O, 
N2 analysis. A gas chromatography SRI 8610C (SRI 8610C, Las Vegas, NV), equipped 
with an electron capture detector, with a 10% methane, and 90% argon as the make-up 
gas and helium as the carrier gas, was used at 400oC to analyze the N2O and N2 
concentrations. The gases were separated on a pre-column and a column packed with 
Hayesep Q 80/100 mesh at a flow rate 15 ml/min. The samples were loaded on a Combi-
Pal auto-sampler fitted with a 2.5 ml syringe with automatic injection of sample into the 
gas chromatograph where N2O and N2 concentrations were determined using a three-
points calibration with a 5 ppm N2O and N2 standard. For NO gas, the samples were 
injected into Gastec gas indicator (Gastec IG10, Japan) to analyze the NO concentration. 
The N2O emission rate (mg/min.gVSS) was calculated using equation (6.1) (Hu et 
la., 2010), while the N2O conversion rate was calculated using Equation (6.2) as the ratio 
of the N2O-N emission to the incoming nitrogen load (Hu et al., 2010).  !!!!!"#$$#%&!!"#$! !!!!! = !.!!!! .!!!!!!. !!.!.!"" ......Equation (6.1) !!!!!"#$%&'("#!!"#$!(!!!!!) = !!!!!!"#$$#%&!!!"!!!"#$%&'! ×!100% ..……..Equation (6.2) 
where !!!!! is the N2O emission rate (mg/min.gVSS), Q is the gas flow rate (L/min), !!!! is the N2O concentration (mol/mol), !!!!!!is the molecular weight of N2O (44 
g/mol), P is the atmospheric pressure (1 atm), R is the gas constant (0.082 L.atm/K.mol), 
T is the temperature (K), and the VSS is total attached biomass (g VSS).  
In order to compare the N2O emission of DFBBR with other suspended and 
attached growth BNR systems according to the USEPA inventory report, the N2O 
emission factors (!!!!!) were computed by normalization the total N2O mass flux to the 
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unit population equivalent flow rate of 100 gal/PE/day and expressed in units consistent 
with the USEPA inventory report of g N2O/PE/year.   
6.3 Results and Discussion 
6.3.1 Steady-State DFBBRs Performance  
In order to ensure attainment of steady-state conditions in the DFBBR, the 
attached and suspended biomass were measured (Figure 6-2a) and presented by the 
coefficient of variation (COV), defined as standard deviation divided by the mean for 
attached biomass. COV varied from 8% to 13% after reaching the steady-state condition. 
Moreover, denitrification activity depicted in Figure 6-2a demonstrates that the specific 
denitrification rate (SDNR) COVs of the attached biomass were 2%, 2.1%, and 2.2%  for 
phases I, II, and III respectively, indicating that both the attached biomass and biomass 
activity reached steady-state. 
The DFBBR columns were tested at an average flow rate of 20 L/d for 250 days 
to monitor the N2O emissions from the denitrification process at an average organic and 
nitrogen loading rates of 5.9 kg COD/(m3.d) and 1.2 kg N/(m3.d), respectively for phase I. 
In phase II, the DFBBR columns were tested at a higher organic and nitrogen loading 
rates of 7 kg COD/(m3.d) and 2 kg N/(m3.d), respectively. The aforementioned organic 
and nitrogen loading rates represent two different COD/N ratios of 5 and 3.5 for phases I 
and II, respectively to study the effect of low COD/N ratio on N2O emissions from 
particulate bioparticles. In phase III, the DFBBR was tested at COD/N of 5 again for 50 
days under an average organic and nitrogen loading rates of 5.9 kg COD/(m3.d) and 1.2 
kg N/(m3.d), respectively.  
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The effluent COD concentrations (Figures 6-2b) show that average COD removal 
efficiency was 83% in phase I at an organic loading rate (OLR) of 5.9±0.5 kg COD/ m3.d 
while in phase II, the removal efficiency dropped to 77% due to the relatively higher 
effluent VSS concentration of 31 mg/L and a lower biofilm thickness of 230 µm in phase 
II compared to 600 µm at phase I. It is noteworthy that the biofilm detachment, measured 
by the first-order detachment rate coefficients (b`), increased significantly with increasing 
OLR at low COD/N ratio of 3.5 due to the fragile strength of the fluffy protruding 
biofilm in phase II. Furthermore, in phase III, average COD removal efficiency was 79% 
slightly lower than the 83% observed in phase I at identical loading conditions due to the 
loss of the biofilm thickness and the relatively higher effluent VSS concentrations of 27 
mg/L.    
The first-order detachment rate coefficients (d-1), reported in Table 6-1, were 
calculated using Equation (6.3), where the total daily amount of biomass (as VSS) 
leaving the reactor effluent (Xl) was divided by the total amount of attached biomass (Xm) 
available in the reactor estimated as the product of particles in the reactor and attached 
biomass concentrations (Nakhla and Suidan, 2002, Patel et al., 2005). As apparent from 
Table 6-1, the steady-state first-order detachment rate coefficients in phase I was 0.019 d-
1, 6 times lower than the 0.145 d-1 observed in phase II while in phase III, the first-order 
detachment rate coefficients was 0.056 d-1. 
…………….….….……… Equation (6.3) 
Moreover, at a nitrate-nitrogen loading rate of 1.2±0.1 kg N/m3.d (phase I), 
nitrogen removal efficiency was 96% as compared to 84% at 2±0.1 kg N/m3.d (phase II) 
as shown in Figure 6-2c while in phase III, nitrogen removal efficiency through higher 
b' = QX1MXm
Chapter 6. N2O Emissions from DFBBRs                                                             161 
 
16
1 
16
than phase II by 2% but still substantially lower than phase I. The differences between the 
carbon and nitrogen removal efficiencies for the different phases have been confirmed to 
be statistically significant at the 95% confidence level using paired t-test.  It is 
noteworthy that in phase II (COD/N ratio of 3.5) with a higher COD and nitrogen loading 
rates of 7 kg COD/(m3.d) and 2 kg N/(m3.d), respectively, the removal efficiencies 
dropped by 7% and 13%, respectively, due to a higher biofilm detachment as reflected by 
higher effluent VSS concentration of 31 mg/L.  
Moreover, the SDNR, estimated based on available anoxic biomass and amount of 
nitrogen denitrified in offline bench scale tests, was 0.42 g NO3-N/g VSS. d, respectively 
in phase I decreasing to 0.34 and 0.37 g NO3-N/g VSS. d in phases II (COD/N ratio of 
3.5) and III (COD/N ratio of 5), respectively confirmed a lower performance as shown in 
Figure 6-2a. It is also evident that high detachment rate observed in phase II affected 
irreversible adverse an impact on the system performance as evidenced by deteriorated 
COD removal efficiency, denitrification efficiency, SNDR, and biomass detachment rates. 
It is noteworthy that the performance of bioparticles at DFBBR system was irreversible 
and the bioparticles could not maintained the same biofilm thickness at a COD/N ratio 
of5 with an interruption of limited carbon source (i.e. COD/N ratio of 3.5) as shown in 
Figures 6-3a, 6-3b, and 6-3c.  
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Figure 6- 2: (a) Attached and suspended VSS inventory along with SDNR, (b) Influent TCOD and 
effluent SCOD, (c) Influent and effluent Nitrate concentrations along with N2O conversion rate, (d) 
mass balance of nitrogen in DFBBR system 
 
Biomass yields were calculated as the sum of the net change in attached biomass, 
sludge wastage, and effluent solids divided by the total COD consumed. Figure 6-3d 
shows observed yields (as linear regressions between cumulative biomass and cumulative 
COD removal) of 0.14, 0.15, and 0.17 g VSS/g COD for phase I, II, and III, respectively 
corresponding to an overall solids retention times (SRTs) of 49, 34, and 44 d, 
respectively. In phase II, the overall SRT decreased by 30% due a higher detachment rate 
and accordingly higher effluent VSS while in phase III, the biofilm thickness recovered 
part of the biofilm loss that occurred during the limited COD/N condition. The SRTs 
were calculated using Equation (6.4), where M is the weight of particles (g), Xanoxic is the 
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attached VSS (mg) per gram media, VSSeffluent is the concentration of biomass in the 
effluent (mg/L), and Qeffluent is effluent flow rate (20 L/d). 
………..………………. Equation (6.4) 
 
Figure 6- 3: Bioparticles of the (a) phase I, (b) phase II, (c) phase III, and (d) Biomass yield for 
DFBBR based on COD removal 
 
Biofilm EPS were measured during the steady-state operation. Statistical analysis 
using paired t-tests indicated that the difference between averages EPS concentrations in 
phase I and II were significant at the 95% confidence level. Table 6-2 shows the 
concentrations of carbohydrates and protein, which typically are the dominant 
components of EPS. The total combined EPS concentrations in phase I was 13.7 mg/g 
VSS. In phase II, the total EPS concentrations at the lower COD/N ratio of 3.5 decreased 
slightly by 4% while in phase III, the total EPS concentrations increased again to 13.6 
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mg/g. As summarized in Table 6-2, the protein to carbohydrates ratio (P/C) of 1.2 was 
almost in the same range for all phases. 
Table 6- 2: Influent and effluent characteristics at phases I, II, and III 
 
6.3.2 N2O Emissions  
As shown in Figure 6-2c, N2O was produced in denitrification by the reduction of 
NO to N2O using the nitric oxide reductase (NOR). Monitoring the emissions of N2O in 
the DFBBR was initiated after 30 days of the operation in order to develop the 
denitrification biofilm. In phase I, the N2O conversion rate was on average 0.53%  of the 
nitrogen loading while in phase II at an increased nitrogen load and reduced COD/N of 
3.5, the N2O conversion rate increased by 196% to 1.57% along with 7 fold increase in 
liquid nitrite concentrations. In phase III, under the same organic and nitrogen loading 
rates and COD/N ratio of the first phase, the N2O conversion rate increased by 78% 
compared to phase I. The increase of the N2O emission at phase II was due to the low 
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Parameter  
Influent* Effluent* 
Phase I &  
Phase III Phase II Phase I Phase II Phase III 
DO (mg/L) ----- ----- 0.23 0.23 0.23 
ORP (mv) ----- ----- -80 -80 -80 
pH 7.30 7.72 8.27 8.04 8.11 
Alkalinity** 233 235 335 392 343 
TCOD (mg/L) 149±5 180±2 36±6 59±5 44±2 
SCOD (mg/L) 119±6 144±6 25±2 41±4 31±2 
TBOD (mg/L) 89±10 111±11 20±9 37±9 27±11 
SBOD (mg/L) 74±13 90±13 16±4 25±5 18±6 
NO3-N (mg/L) 30±2 50±3 1.3±0.3 8.0±0.8 4.0±2 
NO2-N (mg/L) 0.011±0.03 0.031±0.03 0.096±0.04 0.76±0.09 0.385±0.03 
TN (mg/L) 31±1.5 51±2.5 1.4±0.3 9.1±1.2 6.2±1 
PO4-P (mg/L) 3.4±0.3 3.4±0.4 1.7±0.5 1.8±0.7 1.8±0.2 
TP (mg/L) 3.9±0.3 3.8±0.4 1.9±0.5 2.0±0.8 2.0±0.4 
TSS (mg/L) 18±2 18±2 26±3 43±4 37±4 
VSS (mg/L) 14±2 12±2 18±2 31±2 22±2 
mg VSS/g media ----- ----- 45±4 31±4 44±6 
EPSCarbohydrate  (mg/gVSS) ----- ----- 6.6±3.2 6.0±2.1 6.4±1.5 
EPSProtein  (mg/gVSS) ----- ----- 7.1±0.8 7.1±3.3 7.2±0.9 
EPS  (mg/gVSS) ----- ----- 13.7±1 13.1±4 13.6±5 
*Average ± SD (a number of samples 50 with a frequency of a sample every 4 days); **(mg CaCO3/L) 457 
 458 
 459 
Parameter  Phase I Phase II Phase III 
COD removed (g COD/d) 2.47 2.76 2.58 
Anoxic COD consumed (g COD/d) 2.07 3.01 2.49 
COD-Biomass (g COD/d) 0.49 0.55 0.62 
N-Denitrification (g N/d) 0.58 0.84 0.66 
Alkalinity anoxic (g CaCO3/d) -2.07 -3.01 -2.36 
Solids retention time (d) 49 34 44 
kd* for heterotrophic (d-1) 0.1 0.1 0.1 
fd‴  (g VSS/g VSS) 0.15 0.15 0.15 
Heterotrophic biomass production (gVSS/d)  0.09 0.14 0.13 
Observed yield (g VSS/g COD) 0.14 0.15 0.17 
% COD closure  86% 99% 87% 
1 COD removed = (TCODin g / l – SCODeff g / l ) × Qin l / d  
2 Anoxic COD consumed = [(N-Denitrification g / d  )× 2.86
(1−1.42×Yobs )
] 
3 COD-Biomass = CODremoved×1.42Yobs 
4 N-Denitrification = ((NO3 eff g / l  - NO3 eff  g / l )×Qin l / d ) 
5Alkalinity generated in the anoxic column= (–) N-Denitrification×3.57  
a Heterotrophic biomass production = [
€ 
Y
1+ kd  SRTanoxic
 (1+fd kd SRTanoxic)]× Anoxic CODconsumed g / d    
b % COD closure = 
€ 
Anoxic  CODconsumed  +CODBiomass
TCODin  
* Endogenous decay coefficient for heterotrophic bacteria 
‴  Cell debris (fd) 
 460 
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COD/N ratio and resulting high nitrite concentrations, which is consistent with the 
literature while in phase III, the increase in the emission was only due the high nitrite 
concentrations  (Kampschrure et al., 2009). The N2O conversion rates were reported in 
the literature in a range of 0.3% to 14.6% for batch test of biofilters for 10 hrs and 
sequential batch biofilm bioreactors (SBR) for a period of 50 days (Kampschrure et al., 
2009). Interestingly, although there was an increased in the N2O conversion rate to 1.57% 
of the influent nitrogen, the N2O conversion rates of DFBBR appear to be in the lower 
range reported in the anoxic bioreactor. 
Calculating the emission rates of N2O (!!!!!) using Equation (6.1) showed that 
2.03 mg N2O/min.gVSS was produced for the DFBBR system during the COD/N ratio of 
5 while by increasing the stress on the denitrification biofilm, the !!!!! increased by 3.5 
times. It is noteworthy that examining the emission rate of N2O at low COD/N ratio 
shows that the denitrification biofilm was not able to achieve complete denitrification 
through out the bioparticles. It is interesting to mention that the presented results show 
the potential of the particulate biofilm to mitigate the N2O emission compared to 
suspended growth system and reduce the total GHG emissions from BNR system by 
changing the structure and morphology of the biofilm, thereby changing the biofilm 
porosity.  
Moreover, in phase III, the emission rate of N2O was 3.83 mg N2O/min.gVSS due 
to the reduction of the attached biomass.  
6.3.3 N2O Emissions Factor 
Estimating the !!!!!  for phase I showed that 0.69±0.04 g N2O/PE/year was 
emitted at an OLR of 5.9±0.5 kg COD/ m3.d and NLR of 1.2±0.1 kg N/m3.d. In phase II, 
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by increasing the OLR and NLR by 20% and 67%, respectively, the !!!!! increased by 
3 folds to 2.06±0.09 g N2O/PE/year. In phase III, the !!!!! also increased 78% higher 
than phase I. Comparing the aforementioned DFBBR emission factors with others in the 
literature ranging from 0.28 to 140 g N2O/PE/year showed that the DFBBR system 
significantly decreased the denitrification system contribution to the GHGs (Ahn et al., 
2010). Furthermore, NO conversion rates in DFBBR in both phases were very low at 
0.0013%, 0.0013%, and 0.0019% for phases I, II, and III, respectively. It is noteworthy 
that the DFBBR bioparticles were minimizing the emission of NO even at low COD/N 
ratio.  
6.3.4 Dynamics of N2O Emissions 
The dynamics of N2O emission was studied based on the change of the OLR and 
NLR between the three phases and accordingly the COD/N ratio. As shown in Figure 6-
2c, the DFBBR system maintained a very stable N2O emissions rate during the same 
phase. Interestingly, although the limitation of carbon source increased the N2O 
emissions significantly, the availability of the carbon source to the same biofilm at 
DFBBR after the limited COD/N ratio increased the N2O emission even when it was 
running at exact same conditions. It is interesting to note that N2O emission from 
particulate processes would be depends on the biofilm conditions and characteristics. As 
concluded from the N2O emission during all phases, applying additional stress on the 
biofilm would slightly interrupt the organic and nitrogen removal efficiency but 
significantly increased the N2O emission. Therefore, focusing in the biofilm morphology 
and structure needs more research and study to improve the sustainability of particulate 
bioreactors.            
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6.3.5 Overall Mass Balances 
Table 6-3 and Figure 6-2 present the overall mass balances for COD, nitrogen, 
and alkalinity for phases I, II, and III at a flow rate of 20 L/d, where positive values 
indicate removal and negative values denote generation. The mass balances were based 
on the experimental data for the influent, effluent, and sludge wastage characteristics. 
Approximately 82% of the influent COD was utilized in the column. COD consumption 
estimated using Equation (6.5) (Metcalf and Eddy, 2003), considering the observed 
biomass yield of 0.14 g VSS/g COD were 2470 mg COD/d, respectively in phase I. COD 
removal by denitrification was 3.6 g CODconsumed/ g NO3-Nremoved for both phases. COD 
mass balance closure (%) calculated using influent and effluent COD concentrations, and 
waste biomass COD were approximately 86% in phase I and 99% in phase II while in 
phase III, the COD mass balance closure (%) was 87%.  
COD consumption for denitrification = ……………. Equation (6.5) 
Furthermore, Table 6-3 shows that 580-840 mg NO3-N/d were removed 
concomitant with the alkalinity generated of 2070-3010 mg as CaCO3/d, which based on 
the 20 l/d wastewater flow is about 100 mg CaCO3/L for phase I, in close agreement with 
the average of 101 mg CaCO3/L shown in Table 6-2. In phase II, the overall nitrate 
removal in both phases increased to 720 and 1000 mg NO3-N/d concomitant with the 
alkalinity generated of 2070-3010 mg as CaCO3/d as shown in Table 6-3.  
Figure 6-2d presents a comprehensive steady-state nitrogen mass balance. It is 
interesting to note that the variations of all liquid and gaseous nitrogenous products were 
in a range of 3% to 10%. In phase I, 4.6% of the influent nitrogen was in DFBBR effluent 
in the form of soluble nitrogen (i.e. NO3 and NO2) whereas 0.01% were organic nitrogen. 
2.86
(1−1.42×Y )
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In gas form, 91.1% of the total gases were emitted as N2 gas while 0.53% and 0.0013% 
were emitted as N2O and NO, respectively.  In phase II (COD/N ratio of 3.5), the liquid 
nitrogen increased by 2.8 times while in phase III (COD/N ratio of 5), the liquid nitrogen 
did not recover and about 15% of the influent nitrogen were in the effluent liquid form. 
For the gas emissions, the N2 gas dropped to 78% in phases II and III while for N2O 
emissions, 1.57% and 0.95%, respectively were emitted whereas 0.0019% and 0.0009% 
of NO were emitted from DFBBR. Therefore, the overall closures of the nitrogen in 
DFBBR for phases I, II, and III were in the range of 96 to 99% as shown in Figure 6-2d.  
Table 6- 3: Overall mass balance of DFBBRs at phases I, II, and III 
 
6.4 Conclusions 
N2O emissions from denitrifying biofilms were studied in DFBBR. The N2O 
conversion rate was 0.53% of the influent nitrogen loading in phase I while in phase II, 
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Parameter  
Influent* Effluent* 
Phase I &  
Phase III Phase II Phase I Phase II Phase III 
DO (mg/L) ----- ----- 0.23 0.23 0.23 
ORP (mv) ----- ----- -80 -80 -80 
pH 7.30 7.72 8.27 8.04 8.11 
Alkalinity** 233 235 335 392 343 
TCOD (mg/L) 149±5 180±2 36±6 59±5 44±2 
SCOD (mg/L) 119±6 144±6 25±2 41±4 31±2 
TBOD (mg/L) 89±10 111±11 20±9 37±9 27±11 
SBOD (mg/L) 74±13 90±13 16±4 25±5 18±6 
NO3-N (mg/L) 30±2 50±3 1.3±0.3 8.0±0.8 4.0±2 
NO2-N (mg/L) 0.011±0.03 0.031±0.03 0.096±0.04 0.76±0.09 0.385±0.03 
TN (mg/L) 31±1.5 51±2.5 1.4±0.3 9.1±1.2 6.2±1 
PO4-P (mg/L) 3.4±0.3 3.4±0.4 1.7±0.5 1.8±0.7 1.8±0.2 
TP (mg/L) 3.9±0.3 3.8±0.4 1.9±0.5 2.0±0.8 2.0±0.4 
TSS (mg/L) 18±2 18±2 26±3 43±4 37±4 
VSS (mg/L) 14±2 12±2 18±2 31±2 22±2 
mg VSS/g media ----- ----- 45±4 31±4 44±6 
EPSCarbohydrate  (mg/gVSS) ----- ----- 6.6±3.2 6.0±2.1 6.4±1.5 
EPSProtein  (mg/gVSS) ----- ----- 7.1±0.8 7.1±3.3 7.2±0.9 
EPS  (mg/gVSS) ----- ----- 13.7±1 13.1±4 13.6±5 
*Average ± SD (a number of samples 50 with a frequency of a sample every 4 days); **(mg CaCO3/L) 457 
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Parameter  Phase I Phase II Phase III 
COD removed (g COD/d) 2.47 2.76 2.58 
Anoxic COD consumed (g COD/d) 2.07 3.01 2.49 
COD-Biomass (g COD/d) 0.49 0.55 0.62 
N-Denitrification (g N/d) 0.58 0.84 0.66 
Alkalinity anoxic (g CaCO3/d) -2.07 -3.01 -2.36 
Solids retention time (d) 49 34 44 
kd* for heterotrophic (d-1) 0.1 0.1 0.1 
fd‴  (g VSS/g VSS) 0.15 0.15 0.15 
Heterotrophic biomass production (gVSS/d)  0.09 0.14 0.13 
Observed yield (g VSS/g COD) 0.14 0.15 0.17 
% COD closure  86% 99% 87% 
1 COD removed = (TCODin g / l – SCODeff g / l ) × Qin l / d  
2 Anoxic COD consumed = [(N-Denitrification g / d  )× 2.86
(1−1.42×Yobs )
] 
3 COD-Biomass = CODremoved×1.42Yobs 
4 N-Denitrification = ((NO3 eff g / l  - NO3 eff  g / l )×Qin l / d ) 
5Alkalinity generated in the anoxic column= (–) N-Denitrification×3.57  
a Heterotrophic biomass production = [
€ 
Y
1+ kd  SRTanoxic
 (1+fd kd SRTanoxic)]× Anoxic CODconsumed g / d    
b % COD closure = 
€ 
Anoxic  CODconsumed  +CODBiomass
TCODin  
* Endogenous decay coefficient for heterotrophic bacteria 
‴  Cell debris (fd) 
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the N2O conversion rate was 1.57% of the influent nitrogen loading. In phase III, under 
the same organic and nitrogen loading rates and COD/N ratio of the first phase, the N2O 
conversion rate increased by 78% compared to phase I. The increase of the N2O emission 
in phase II was due to the low COD/N ratio and high nitrite concentrations, while in 
phase III, the increase in the emission was only due the high nitrite concentration. 
Increasing the organic and nitrogen loading rates of DFBBR system would slightly 
interrupt the organic and nitrogen removal efficiency but significantly increased the N2O 
emission. Therefore, focusing in the biofilm morphology and structure needs more 
research and study to improve the sustainability of particulate bioreactors to mitigate the 
N2O emission and reduce the total GHG emissions from BNR system.  
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CHAPTER  7  
MITIGATION OF NITROUS OXIDE (N2O) EMISSIONS 
FROM BIOLOGICAL DENITRIFICATION PROCESS IN 
FLUIDIZED BED BIOREACTORS (FBBRS) USING 
DIVALENT CATIONS* 
7.1 Introduction 
Biological nutrient removal (BNR) processes contribute to the nitrous oxide (N2O) 
emissions and account for 3.2% of the global anthropogenic N2O emission (Sahley et al., 
2006; Kampschreur et al., 2009). N2O is the third most important greenhouse gases 
(GHGs) with a global warming potential (GWP) of 310 times than of CO2 (IPCC, 2007). 
It is also identified as the dominant ozone-depleting substance (Ravishankara et al., 2009). 
In the product, intermediates, and substrate of BNR processes (i.e. nitrification and 
denitrification), the dominant role of nitrogen in N2O emission is unequivocal (Park et al., 
2000).  
During nitrification, N2O can be produced through the aerobic hydroxylamine 
oxidation of ammonia oxidizing bacteria (AOB). This hydroxylamine is oxidized to NO 
directly under the catalysis of hydroxylamine oxidoreductase  (HAO) encoded by the 
heoAB genes, and reduced to N2O under the catalysis of c554 cytochrome (Cyt c554) 
(Chandran et al., 2011; Stein, 2011). During denitrification, N2O is one of the obligatory 
intermediates in the biochemical reaction by heterotrophic denitrifying bacteria (HDN) 
where NO3-N is reduced to NO2-N and N2O, with N2O finally reduced to N2 gas (Hu et 
                                                
 
*"A version of this chapter has been submitted to Environmental Science & Technology (ES&T), 2013"
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al., 2013). The reduction of NO3 to N2 involves six enzymes using five electrons 
(Desloover et al., 2012). Therefore, the emission of N2O during BNR processes merits 
further exploration.  
To date, four strategies to reduce the emissions of N2O from BNR processes have 
been reported in the literature including: increasing the dissolved oxygen (DO) in the 
aerobic tanks (Kampschrure et al., 2009), applying a step-feed sequencing batch reactor 
(SBR) and maximize the anoxic time (Hu et al., 2011), addition of immobilized 
Alcaligenes faecalis to the intermittent aeration-activated sludge process (Park et al., 
2007), and addition of copper (Cu2+) as a catalyst to increase nitrous oxide reductase 
(NOS) activity (Manconi et al., 2006). However, although the aforementioned strategies 
reduce N2O emissions but the invariably affect on increase in power consumption, larger 
bioreactors, additional expensive chemical dosing equipment, and in-situ preparation of 
denitrifiers i.e. Alcaligenes faecalis.  
Moreover, most of the aforementioned strategies are designed to mitigate N2O 
emissions from suspended growth systems. Since fixed film and biofilm bioprocesses 
offer numerous advantages compared to the suspended growth systems for BNR 
processes such as lower hydraulic retention time, higher biomass retention time, higher 
volumetric conversion rates, higher resistance to toxicity, lower sensitivity to temperature, 
and lower sludge production rate, the applicability of hybrid processes such as integrated 
fixed film activated sludge (IFAS) and moving bed bioreactor (MBBR) as well as biofilm 
processes such as biological aerated filter (BAF) has increased significantly recently. 
Therefore, the mitigation of N2O emissions from biofilm processes is an important issue 
that merits further investigation.     
Chapter 7. Mitigation of N2O from FBBRs       174 
 
17
4 
17
Divalent cations, i.e. magnesium (Mg2+) and calcium (Ca2+), are constituents of 
municipal wastewater that have been proven to enhance biofilm morphology and 
structure due to electrostatic interaction and bridging of negatively charged moieties of 
extracellular polymeric substances (EPS), as postulated by the divalent cations bridging 
theory (DCB) (Flemming and Wingender, 2001a; Flemming and Wingender, 2001b; 
Eldyasti et al., 2013). This change of the biofilm morphology and structure proved to 
enhance the denitrification performance of the bioparticles (Eldyasti et al., 2013). 
Therefore, calcium dosing to bioparticles may mitigate N2O emissions and facilitate 
complete denitrification in DFBBRs. Considering the importance of biofilm morphology, 
structure, and detachment in the denitrifying biofilm of DFBBR system, a novel strategy 
for mitigation of N2O emissions during denitrification using calcium dosing was 
investigated in this study. Synthetic municipal wastewater with different calcium 
concentrations ranging from 60 mgCa2+/L to 240 mgCa2+/L were fed simultaneously to 
four DFBBRs systems for 200 days with a focus on explaining the impact of biofilm 
morphology (biofilm thickness and surface shape), biofilm EPS, and biofilm strength on 
N2O emissions. Two loadings were evaluated: (a) organic and nitrogen loading rates of 
5.9±0.5 kg COD/(m3.d) and 1.2±0.1 kg N/(m3.d), respectively corresponding to a COD/N 
ratio of 5:1 and (b) organic and nitrogen loading rates of 7±0.1 kg COD/(m3.d) and 2±0.2 
kg N/(m3.d), respectively representing a low COD/N ratio of 3.5. Since N2O emissions 
during denitrification are exacerbated by carbon limitations, the second loading 
represents an extreme condition for N2O emissions.  
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7.2 Materials and Methods 
7.2.1 DFBBRs Setup  
The DFBBRs, depicted in Figure 7-1, comprise four identical anoxic plexi-glass 
reactors of a total working volume of 507 ml, height of 100 cm, and internal diameter of 
2.54 cm was used and sealed to collect the denitrification gaseous byproducts from the 
headspace volume of 101 ml i.e. the total reactor volume was 608 ml. DFBBRs were 
charged each with 40 g (dry weight) of media of Natural zeolite (Bear River Zeolite Inc., Thompson(Falls,(USA) with an average particle diameter size (dm) of 600-850 µm with a 
dry and true densities of 944 kg/m3 and 2496 kg/m3, respectively at a specific surface 
area determined by BET (Brunauer, Emmett, and Teller Theory) (Micrometrics ASAP 
2010, Micrometrics Co., USA), of 15.5 m2/g including an internal and external porosities 
of 16% and 46%, respectively. 
 
Figure 7- 1: Schematic diagram of DFBBRs used for mitigation of N2O 
 
 24 
  
Figure 1: Schematic diagram of DFBBRs  
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The synthetic wastewater and recycled effluent were pumped into the bottom of 
each FBBR through peristaltic pumps (Masterflex I/P, Masterflex AG, Germany) to 
fluidize the media at the same initial shear force governed by the bed voidage and bed 
height for all bioreactors as given in Table 7-1 and controlled by maintaining liquid 
recirculation. Superficial liquid velocity of 1.8±0.1 cm/s was maintained in each 
bioreactor. Minimum fluidization velocity (umf) was 0.36 cm/s and the terminal settling 
velocity (ut) was 5.3 cm/s for each bioreactor. Anoxic conditions were monitored in the 
DFBBRs by oxidation-reduction potential (ORP) measurement. The process temperature 
was maintained at 20±3°C throughout the study. Excess biomass was collected with the 
effluent VSS that was measured during routine measurement of the continuous DFBBR 
system.  
Table 7- 1: Operational conditions of DFBBRs at phases I and II 
 
7.2.2 Synthetic Calcium Rich Wastewater characteristics  
Laboratory-scale DFBBRs were fed with a synthetic calcium rich municipal 
wastewater (SCa2+RMW) prepared using tap water, which contained 20 mgCa2+/L, 
 30 
Table 1: Operational conditions of DFBBRs at phases I and II. 
Parameter 
Phase I Phase II 
60 mg 
Ca+2/L 
120 mg 
Ca+2/L 
180mg 
Ca+2/L 
240mg 
Ca+2/L 
60 mg 
Ca+2/L 
120 mg 
Ca+2/L 
180mg 
Ca+2/L 
240mg 
Ca+2/L 
Influent flow, Qin (L/d)  20±2 20±2 
Average organic loading 
(kg COD/m3·d)  5.9±0.5 7±0.1 
Average nitrogen loading 
(kg N/m3·d)  1.2±0.1 2±0.2 
Average phosphorus 
loading (kg P/m3·d)  0.10±0.02 0.10±0.02 
HRT (hr)  0.6 0.6 
Recirculation ratio (Qr /Qin) 27 27 
Upflow velocity (cm/sec) 1.3 1.3 
Avg. attached biomass (mg 
VSS/g media)                                                                      45±4 64±2 53±3 55±3 31±4 64±5 50±3 52±7 
Food/microorganisms ratio 
(g COD/g VSS·d)                                         0.17 0.12 0.14 0.13 0.24 0.12 0.15 0.14 
Detachment rates (d-1)                 0.019 0.005 0.017 0.018 0.145 0.002 0.020 0.029 
Estimated SRT (d)                       49 83 61 54 34 83 57 51 
Running time (d) 150  50 
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combined with concentrated stock solutions of CH3COONa (as carbon source), NaNO3 
(as nitrogen source), and KH2PO4 (as phosphorus source) as well as a mineral stock 
solution at volumetric ratios of distilled waster to stocks of 1:0.005:0.001:0.001:0.001 
respectively. For the Ca2+ source, a stock solution of CaCl2 at a concentration of 10 
gCa2+/L was prepared using deionized water. The four concentrated stock solutions 
contained 150 g CH3COONa/L, 100 g NO3/L, 20 g KH2PO4/L, 2.2 g CaCl2/L, and the 
mineral salt stock solution contained 75 mg NiCl·6H2O/L, 75 mg CoCl2·6H2O/L, 200 mg 
CuCl·2H2O/L, 125 mg ZnCl2/L, 1250 mg MnCl2·4H2O/L, 750 mg FeCl3·6H2O/L, 200 
mg (NH4) 6Mo7O24·4H2O/L, 125 mg H3BO3/L, and 40 g MgSO4·H2O/L.  In order to 
study the impact of different Ca2+ concentrations on the N2O emissions, four Ca2+ 
concentrations over and above the ambient Ca2+ concentrations in tap water in increments 
of 60 mgCa2+/L were tested  (Metcalf and Eddy, 2003). Therefore, the Ca2+ 
concentrations for bioreactors (named as R60Ca, R120Ca, R180Ca, and R240Ca) were 60, 120, 
180, and 240 mgCa2+/L, respectively.  
7.2.3 Acclimatization and Reactor Startup 
Enriched denitrifiers, collected from a return activated sludge (TSS = 3120 mg/L 
and VSS = 2750 mg/L) of the Adelaide Pollution Control Plant, London, Canada, were 
acclimatized in the lab for 12 hrs. The seed sludge was recirculated for 2 days and 
operated in a batch mode, after which the reactor was fed SCRMW at a flow rate of 20 
L/d, corresponding to an organic loading rate of 5.9 COD/(m3.d). Within a period of one 
to two weeks, most of the particles were coated with biomass.  
7.2.4 Analytical Methods 
Liquid and gas samples were collected from the DFBBR system twice a week for 
routine analysis. Influent and final effluent liquid samples were collected in airtight 
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bottles and refrigerated at 4°C prior to analysis. Total suspended solids (TSS), volatile 
suspended solids (VSS), biological oxygen demand (BOD), and total nitrogen (TN) were 
analyzed according to the Standard Methods (APHA, 1998). Alkalinity was measured by 
titration with 0.01 N H2SO4 in accordance with the Standard Method no. 2320 (APHA, 
1998). DO and ORP were measured using an installed Thermo Orion (810 A+) meter, 
and pH-11 series pH/(mV· ºC) meter (Oakton, Singapore) respectively. HACH methods 
and testing kits (HACH Odyssey DR/2800) were used to measure total chemical oxygen 
demand (COD), soluble chemical oxygen demand (SCOD), total phosphorus (TP), NO2-
N, NO3-N, and PO4-P.   
Calcium was analyzed in the influent, effluent, and biofilm by inductively 
coupled plasma (ICP) (Vista-Pro, VARIAN). Nitric acid (2%) was used for preparing all 
calibration standards and dilutions. Calibration curves were prepared using a mixed 
standard ICP solution no. 4 (100 mg/L) and single element ICP standard for calcium 
(2000 mg/L). Prior to analysis, all samples were acidified with 2% nitric acid and the 
biofilm and sludge samples were digested at 150oC for 30 mins and filtered using 0.45 
µm membrane filter.  
7.2.5 Biofilm EPS   
EPS extraction from biofilm was conducted from 2-3 g bioparticles suspended in 
a 20 mL vial and sonicated for 3 h at 30°C in an Aquasonic sonicator (SK 1200H Kupos, 
China) with a rated power of 45 Watts. The collected biomass was suspended in 50 mL 
of phosphate buffer at pH 7.5 and cooled to 4oC in an ice bath to minimize microbial 
activity. Protein and carbohydrate EPS and SMP concentrations were measured using a 
cation exchange resin (CER) (Dowex® Marathon® C, Na+ form, Sigma-Aldrich, USA) 
extraction method (Frolund et al., 1996). The exchange resin (75 g CER /gVSS) was 
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added to a 200 mL sample and mixed at 600 rpm for 2 h at 4° C. The mixture was then 
centrifuged for 15 min at 12,000 g to remove the TSS. The centrifuged supernatant of the 
sample, after CER addition, represented the sum of EPS and SMP concentrations. 
Untreated biofilm was centrifuged for 15 min at 12,000 g, followed by filtration through 
a 0.45 µm filter paper and the protein and carbohydrate concentrations of the filtrate 
represented the SMP. The difference between these measurements was the EPS 
concentration. The carbohydrate and protein concentrations of the supernatant were 
measured colorimetrically, using the methods of Dubois et al. (1956) and Micro 
Bicinchoninic Acid protein assay (Pierce, Rockford, USA), respectively. Glucose and 
bovine serum albumin (BSA) were used as the carbohydrate and protein standards, 
respectively (Dubois et al., 1956). 
7.2.6 Biofilm Morphology and Structure  
Biofilm morphology was defined by biofilm thickness, surface shape, structure, 
surface roughness, and physical strength. The biofilm thickness of the DFBBR particles 
was measured using a microscope (Mitutoya, Sakada, Japan) coupled with a camera 
(Leica DC 300, Germany), at a magnification of 80X. Attached biomass on each support 
media was measured according to the Standard Methods (APHA, 1998). Average 
roundness was determined for each bioparticles as the aspect ratio between the major and 
minor axis of the bioparticle ellipse equivalent. Approximately 2-3 g bioparticles were 
taken from each column at three heights, suspended in a 50 ml vial, and sonicated for 3 h 
at 30°C in an Aquasonic sonicator (Model 75HT, ETL Laboratory Testing, Inc., New 
York). After sonication, the VSS content of the detached biomass was measured and the 
sonicated particles were cleaned and weighted after drying at 550°C for 1 h. The paired 
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student t-test was conducted to determine the statistical significance of the observed 
differences between the experimental data at the 95% confidence level.  
The physical strength of biofilm to withstand high abrasion, erosion, sloughing, 
and shear forces was determined as the integrity coefficient (IC) (%) and defined as the 
ratio of the residual biofilm on the media to the total weight of the initial bioparticles 
after 30 mins of shaking at 350 rpm on a platform shaker (Ghangrekar et al., 1996).   
In order to determine the difference between the biofilm structure and 
morphology, samples were collected for scanning electron microscopy (SEM) (Hitachi 
VP-SEM, Japan). Biofilm samples for SEM, EDX, and XPS were fixed in a 2% 
glutaraldehyde solution for 2 hrs. The water of the fixed samples was replaced in an 
ethanol dehydration series in a filter kit on a 0.45 µm membrane filter paper by sequential 
exposure to 25%, 50%, 75%, and 100% ethanol (EtOH(aq)) (v/v) solutions. At each step, 
the liquid was completely replaced with the new solution and left to sit for 15 mins. 
Biofilm samples were wrapped in the filter paper and placed in a SEM studs and stored in 
100% ethanol. Stored samples were finally dried in a critical point dryer (CPD) (ACPD 
Leica EM COD 300, Germany) and coated with gold-sputter prior to analysis.  
7.2.7 N2O Conversion and Emissions Rate Calculation Methods   
Gas samples were collected in an auto-sealed gas-sampling syringe for NO, N2O, 
N2 analysis. A gas chromatography SRI 8610C (SRI 8610C, Las Vegas, NV), equipped 
with an electron capture detector, with a 10% methane, and 90% argon as the make-up 
gas and helium as the carrier gas, was used at 400oC to analyze the N2O and N2 
concentrations. The gases were separated on a pre-column and a column packed with 
Hayesep Q 80/100 mesh at a flow rate 15 ml/min. The samples were loaded on a Combi-
Pal auto-sampler fitted with a 2.5 ml syringe with automatic injection of sample into the 
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gas chromatograph where N2O and N2 concentrations were determined using a three-
points calibration with a 5 ppm N2O and N2 standard. For NO gas, the samples were 
injected into Gastec gas indicator (Gastec IG10, Japan) to analyze the NO concentration. 
The quaintly of N2O emission rate as mg/min. gVSS was calculated using 
equation (7.1) (Hu et la., 2010), while the N2O conversion rate of DFBBR was calculated 
using Equation (7.2) as the ratio of the N2O-N emission to the incoming nitrogen load 
(Hu et la., 2010).  !!!!!"#$$#%&!!"#$! !!!!! = !.!!!! .!!!!!!. !!.!.!""  ......Equation (7.1) !!!!!"#$%&'("#!!"#$!(!!!!!) = !!!!!!"#$$#%&!!!"!!!"#$%&'! ×!100% ..……..Equation (7.2) 
where !!!!! is the N2O emission rate (mg/min.gVSS), Q is the gas flow rate (L/min), !!!! is the N2O concentration (mol/mol), !!!!!!is the molecular weight of N2O (44 
g/mol), P is the atmospheric pressure (1 atm), R is the gas constant (0.082 L.atm/K.mol), 
T is the temperature (K), and the VSS is total attached biomass (g VSS).  
In order to compare the N2O emission of DFBBR with other suspended and 
attached growth BNR systems according to the USEPA inventory report (IPCC, 2007), 
N2O emission factors (!!!!!) were computed by normalization of the total N2O mass 
flux to the unit population equivalent flow rate of 100 gal/PE/day and expressed in units 
consistent with the USEPA inventory report of g N2O/PE/year.   
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7.3 Results and Discussion 
7.3.1 Steady-State DFBBRs performance  
The four DFBBRs columns were tested for 150 days at an organic and nitrogen 
loading rates of 5.9±0.5 kg COD/(m3.d) and 1.2±0.1 kg N/(m3.d), respectively in phase I 
representing a COD/N ratio of 5. In phase II, the DFBBRs columns were tested under a 
limited carbon (i.e. COD/N ratio of 3.5) for 50 days at higher organic and nitrogen 
loading rates of 7±0.1 kg COD/(m3.d) and 2±0.2 kg N/(m3.d), respectively.  
After reaching steady-state, as indicated by the attached and suspended biomass 
(Figures 7-2a and 7-2b), the coefficient of variation (COV) (i.e. the standard deviation 
divided by the mean for attached biomass) varied from 4% to 14%. Although it is 
arguable that suspended VSS concentrations varied more widely than attached biomass, 
as reflected by COV of 9% to 30%, this process is indeed a fixed film system with 99.9% 
of the biomass inventory in the form of attached biomass. Moreover, the denitrification 
activity per gram VSS of each column depicted in Figure 7-2a demonstrates that the 
SDNR COVs were 2%, 3%, 5%, and 2.4%, respectively, indicating that both the attached 
biomass and biomass activity reached steady-state. 
The effluent COD concentrations (Figures 7-3a and 7-3c) show that COD 
removal efficiency at an organic loading rate (OLR) of 5.9±0.5 kg COD/ m3.d for R60Ca, 
R120Ca, R180Ca, and R240Ca were in the range of 83% to 90%. Moreover, at a nitrate-
nitrogen loading rate of 1.2±0.1 kg N/m3.d, nitrogen removal efficiencies of all columns 
were in the range of 96% to 98%. The differences between the carbon removal 
efficiencies for the different Ca2+ concentrations have been confirmed to be statistically 
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significant at the 95% confidence level using paired t-test while for nitrogen removal 
efficiencies, the differences were insignificant.  
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Figure 2: (a) attached VSS inventory, (b) suspended VSS inventory, (c) average and SD of the attached VSS, and 
(d) Biomass yield. 
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Figure 7- 2: (a) attached VSS inventory, (b) suspended VSS inventory, (c) average and SD of the 
attached VSS, and (d) Biomass yield 
 
Interestingly, in phase II at higher COD and nitrogen loading rates of 7±0.1 kg 
COD/(m3.d) and 2±0.2 kg N/(m3.d) and lower COD/N ratio of 3.5, the typical municipal 
wastewater Ca2+ concentration reactor (R60ca) removal efficiencies dropped by 10% due 
to a higher biofilm detachment as reflected by higher effluent VSS concentrations of 31 
mg/L. At a Ca2+ concentration of 120 mgCa2+/L (R120Ca), complete denitrification was 
achieved for over 50 days with an average effluent nitrate concentration of 0.6 mg NO3-
N/L compared to 8 mg NO3-N/L for R60ca column. A slight decrease in nitrogen removal 
efficiency by 6% was observed for R180Ca and R240Ca due to a slight loss of the biofilm 
and excessive accumulation of the Ca2+ on the biofilm, which caused biofilm cracks.  
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Figure 3: (a) Influent TCOD and effluent SCOD, (b) Influent and effluent nitrate concentration, (c) Organic 
removal efficiencies, and (d) Nitrogen removal efficiencies. 
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Figure 7- 3: (a) Influent TCOD and effluent SCOD, (b) Influent and effluent nitrate concentration, (c) 
Organic removal efficiencies, and (d) Nitrogen removal efficiencies.  
 
The first-order detachment rate coefficients (d-1), reported in Table 7-1, were 
calculated as a ratio between the total daily amount of biomass (as VSS) leaving the 
reactor effluent divided by the total amount of attached biomass available in the reactor 
and attached biomass concentrations (Nakhla and Suidan, 2002; Patel et al., 2005). As 
apparent from Table 7-1, the first-order detachment rate coefficients in phase I for R120Ca 
was 0.005 d-1, 75% lower than the 0.02 d-1 for R60Ca, R180Ca, and R240Ca. It is interesting to 
note that the increase of the organic and nitrogen loading rate and decrease of the COD/N 
ratio by 30% (phase II) changed the detachment rate coefficients significantly and 
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Figure 3: (a) Influent TCOD and effluent SCOD, (b) Influent and effluent nitrate concentration, (c) Organic 
removal efficiencies, and (d) Nitrogen removal efficiencies. 
 
 
0 
20 
40 
60 
80 
10  
120 
140 
160 
180 
20  
0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180 190 
C
O
D
 c
on
ce
nt
ra
tio
n 
(m
g/
L
) 
Days 
SCOD 60 mg Ca2+/L 
SCOD 120 mg Ca2+/L 
SCOD 180 mg Ca2+/L 
SCOD 240 mg Ca2+/L 
Influent TCOD 
Phase&I&
&
Phase&II&
&
0. % 
0.2% 
0.4% 
0.6% 
0.8% 
1.0% 
1.2% 
1.4% 
1.6% 
1.8% 
0 
10 
20 
30 
40 
50 
60 
0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180 190 
N
2O
 c
on
ve
rs
io
n 
ra
te
 (%
) 
N
itr
og
en
 c
on
ce
nt
ra
tio
n 
(m
g/
L
) 
Days 
NO3-N 60 mg Ca2+/L 
NO3-N 120 mg Ca2+/L 
NO3-N 180 mg Ca2+/L 
NO3-N 240 mg Ca2+/L 
Infulent NO3-N 
N2O conversion rate (%) 60 mg Ca2+/L 
N2O conversion rate (%) 120 mg Ca2+/L 
N2O conversion rate (%) 180 mg Ca2+/L 
N2O conversion rate (%) 240 mg Ca2+/L 
Phase&I&
&
Phase&II&
&
83% 
90% 
87% 86% 
77% 
93% 
89% 90% 
0% 
10% 
20% 
30% 
40% 
50% 
60% 
70% 
80% 
90% 
100% 
60 mg Ca2+/L 120 mg Ca2+/L 180 mg Ca2+/L 240 mg Ca2+/L 
C
O
D
 R
em
ov
al
 E
ff
ec
en
cy
 %
  
Phase I Phase II 
96% 
98% 97% 96% 
84% 
99% 
93% 94% 
0% 
10% 
20% 
30% 
40% 
50% 
60% 
70% 
80% 
90% 
100% 
60 mg Ca2+/L 120 mg Ca2+/L 180 mg Ca2+/L 240 mg Ca2+/L 
N
itr
at
e 
R
em
ov
al
 E
ffi
ci
en
cy
 %
  
Phase I Phase II 
(a) 
(b) 
(c) (d) 
Chapter 7. Mitigation of N2O from FBBRs       186 
 
18
6 
18
confirmed the performance deterioration of the typical municipal wastewater Ca2+ 
concentration reactor (R60Ca). As illustrated in Table 7-1, the detachment rates of R60Ca 
increased significantly by 7 times relative to phase I. At the high Ca2+ concentration of 
R180Ca, the detachment rates increased slightly by 17% while in case of R120Ca, the 
detachment rate decreased by 40%. Additionally, in the case of R240Ca, the detachment 
rate at a COD/N of 3.5:1 was 60% higher than the one measured at high COD/N ratio.  
Moreover, the specific denitrification rates (SDNRs) of R60Ca, R120Ca, R180Ca, and 
R240Ca estimated based on available anoxic biomass and amount of nitrogen denitrified in 
an offline bench scale tests; were 0.42, 0.58, 0.42, and 0.45 g NO3-N/g VSS. d, 
respectively in phase I while at a COD/N ratio of 3.5 (Phase II), the SDNR results for 
R60Ca dropped by 20% consistent with the deteriorated performance (Figure 7-2a) as 
compared to 0.57, 0.44, and 0.41 g NO3-N/g VSS. d for R120Ca, R180Ca, and R240Ca.  
7.3.2 Biomass Yield 
Biomass yields, calculated as the sum of the net change in attached biomass, 
sludge wastage, and effluent solids divided by the total COD consumed. Figure 7-2c 
shows the observed yields (as linear regressions between cumulative biomass and 
cumulative COD removal) of 0.14, 0.08, 0.12, and 0.11 g VSS/g COD for R60Ca, R120Ca, 
R180Ca, and R240Ca, respectively for both phases.  
The solids retention times (SRTs) were calculated using equation (7.3), where M 
is the weight of particles (g), Xanoxic is the attached VSS (mg) per gram media, VSSeffluent 
is the concentration of biomass in the effluent (mg/L), and Qeffluent is effluent flow rate 
(20 L/d). In phase I, the overall SRTs for R60Ca, R120Ca, R180Ca, and R240Ca were 49, 83, 61, 
and 54 d, respectively. In phase II, the overall SRT decreased by 30% for R60Ca but 
remained constant for the other reactors confirming the improvement of the biofilm 
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physical strength at the high Ca2+ concentrations (R120Ca, R180Ca, and R240Ca). In phase II, 
the overall SRT decreased by 30% due a higher detachment rate and accordingly higher 
effluent VSS. 
…………..………………. Equation (7.3) 
7.3.3 Biofilm Morphology and EPS 
Biofilm morphology i.e. biofilm thickness, surface shape, structure, and surface 
roughness varied widely with the change of Ca2+ concentrations. The biofilm thicknesses 
for R60Ca, R120Ca, R180Ca, and R240Ca were 680, 550, 522, 535 µm, respectively. The biofilm 
surface shape and structures changed significantly with the increase of Ca2+ 
concentrations. At a Ca2+ concentration of 60 mgCa2+/L (R60Ca), the biofilm was fluffy 
protruding with a very low aspect ratio of 0.30 as shown in Figure 7-4b and 7-5a-1. 
Furthermore, at the high Ca2+ concentrations ranging from 120-240 mgCa2+/L, very 
compact and uniform round-shape biofilm structures were maintained with an aspect 
ratio of more than 0.92 as shown in Figures 7-4c, 7-4d, 7-4e, 7-5b-1, 7-5c-1, and 7-5d-1. 
The biofilm surface roughness of different bioparticles was monitored using SEM images. 
As depicted in Figure 7-5a-2, the biofilm roughness at 60 mgCa2+/L was very low 
compared to the high Ca2+ concentrations bioparticles (Figure 7-5b-2, 7-5c-2, and 7-5d-2). 
It is noteworthy that the physical strength of typical municipal wastewater Ca2+ 
concentration bioparticles, i.e. 60 mgCa2+/L (fluffy biofilms), determined by the integrity 
coefficient (IC), was 0.11. In contrast, the round-shaped biofilms at the high Ca2+ 
concatenations of R120Ca, R180Ca, and R240Ca had ICs of 0.84, 0.80, and 0.81 with a standard 
division of ±0.09. It is clear that the biofilm strength of uniform round-shape structure at 
high Ca2+ concentrations improved by about an order of magnitude.  
SRT = Manoxic XanoxicQeffluentVSSeff
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Figure 7- 4: Biofilm morphology of DFBBR’s bioparticles 
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Figure 4: Biofilm morphology of DFBBR’s bioparticles 
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Figure 7- 5: Scanning Electron Microscope (SEM) of DFBBR’s bioparticles 
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Biofilm EPS were measured during the steady-state operation. Statistical analysis 
using paired t-tests indicated that the difference between averages EPS concentrations 
were significant at the 95% confidence level. Tables 7-2 and 7-3 show the concentrations 
of carbohydrates and protein, which typically are the dominant components of EPS.  
 
Table 7- 2: Influent and effluent characteristics at different calcium concentrations at phase I 
 
The total EPS concentrations for the R60Ca bioparticles were 13.7 mg/g VSS while 
at higher Ca2+ concentrations of 120, 180, and 240 mgCa2+/L, the EPS concentrations 
were 22, 20.6, and 20.9 mg/gVSS, respectively in phase I. In phase II, the total EPS 
concentrations at the lower COD/N ratio of 3.5, remained almost within the same range. 
As summarized in Tables 7-2 and 7-3, the protein to carbohydrates ratio (P/C) at low 
Ca2+ concentration of 20 mgCa2+/L was 0.8 while with the increase of the influent Ca2+ 
concentrations, the P/C ratio increased to a range of 1.3 to 1.7. Therefore, the increase of 
the Ca2+ concentration enhanced the protienaceous composition of the biofilm and 
 31 
Table 2a: Influent and effluent characteristics at different calcium concentrations at phase I 
Parameter Influent* Effluent of phase I
* 
60 mg Ca2+/L 120 mg Ca2+/L 180mg Ca2+/L 240mg Ca2+/L 
DO (mg/L) ----- 0.23 0.22 0.25 0.23 
ORP (mv) ----- -80 -85 -79 -82 
pH 7.30 8.27 8.40 8.30 8.29 
Alkalinity** 233 335 336 332 331 
TCOD (mg/L) 149±5 36±6 21±6 29±2 29±8 
SCOD (mg/L) 119±6 25±2 15±4 20±2 21±5 
TBOD (mg/L) 89±10 20±9 12±4 18±9 17±9 
SBOD (mg/L) 74±13 16±4 10±3 12±10 13±10 
NO3-N (mg/L) 30±2 1.3±0.3 0.6±0.3 0.9±0.4 1.3±0.5 
NO2-N (mg/L) 0.011±0.03 0.096±0.04 0.018±0.03 0.003±0.01 0.075±0.07 
TN (mg/L) 31±1.5 1.4±0.3 0.8±0.8 1.1±0.4 1.4±0.6 
PO4-P (mg/L) 3.4±0.3 1.7±0.5 0.9±0.4 1.0±0.3 1.0±0.3 
TP (mg/L) 3.9±0.3 1.9±0.5 1.0±0.4 1.1±0.3 1.2±0.4 
TSS (mg/L) 18±2 26±3 17±5 23±2 23±6 
VSS (mg/L) 14±2 18±2 11±3 14±1 14±4 
mg VSS/g media ----- 45±4 64±2 53±3 55±3 
EPSCarbohydrate  (mg/gVSS) ----- 6.6±3.2 8.6±2.2 8.1±3.1 8.1±4.4 
EPSProtein  (mg/gVSS) ----- 7.1±0.8 13.4±3 12.6±2 12.8±3 
EPS  (mg/gVSS) ----- 13.7±1 22.1±3 20.6±2 20.9±3 
*Average ± SD (a number of samples 50 with a frequency of a sample every 4 days); **(mg CaCO3/L) 
 
Table 2b: Influent and effluent characteristics at different calcium concentrations at phase II 
Parameter Influent* Effluent of phase II
* 
60 mg Ca2+/L 120 mg Ca2+/L 180mg Ca2+/L 240mg Ca2+/L 
DO (mg/L) ----- 0.23 0.30 0.25 0.23 
ORP (mv) ----- -80 -85 -80 -82 
pH 7.72 8.04 8.61 8.51 8.11 
Alkalinity** 235 392 399 402 404 
TCOD (mg/L) 180±2 59±5 21±3 28±3 26±7 
SCOD (mg/L) 144±6 41±4 12±5 19±2 18±5 
TBOD (mg/L) 111±11 37±9 10±4 17±9 13±9 
SBOD (mg/L) 90±13 25±5 9±6 10±3 9±10 
NO3-N (mg/L) 50±3 8.0±0.8 0.6±0.3 3.4±0.9 3.2±0.8 
NO2-N (mg/L) 0.031±0.03 0.76±0.09 0.09±0.05 0.12±0.05 0.07±0.03 
TN (mg/L) 51±2.5 9.1±1.2 0.5±0.3 3.7±0.9 3.4±0.8 
PO4-P (mg/L) 3.4±0.4 1.8±0.7 0.6±0.4 0.4±0.1 0.5±0.2 
TP (mg/L) 3.8±0.4 2.0±0.8 0.7±0.4 0.5±0.3 0.7±0.4 
TSS (mg/L) 18±2 43±4 13±6 22±2 20±6 
VSS (mg/L) 12±2 31±2 8±4 13±1 13±4 
mg VSS/g media ----- 31±4 64±5 50±3 52±7 
EPSCarbohydrate  (mg/gVSS) ----- 6.0±2.1 8.7±2.5 8±3.6 8.4±1.9 
EPSProtein  (mg/gVSS) ----- 7.1±3.3 13±3.2 11.8±2 11.3±1 
EPS  (mg/gVSS) ----- 13.1±4 21.8±3 19.8±3 19.5±2 
*Average ± SD (a number of samples 50 with a frequency of a sample every 4 days); **(mg CaCO3/L) 
 
Chapter 7. Mitigation of N2O from FBBRs       191 
 
19
1 
19
increased the biofilm physical strength, which is consistent with the literature (Branda et 
al., 2005; Ahimou et al., 2007). 
 
Table 7- 3: Influent and effluent characteristics at different calcium concentrations at phase II 
 
7.3.4 N2O Emissions  
Monitoring the emission of N2O in DFBBR was attempted after 30 days of the 
operation in order to develop the denitrification biofilm. In phase I, the N2O conversion 
rate R60Ca was 0.53% of the influent nitrogen loading while with an increase of the 
calcium concentrations, the N2O conversion rate of R120Ca, R180Ca, and R240Ca dropped by 
21% to 36% to 0.34%, 0.42%, and 0.41%, respectively.   
Interestingly, in phase II, with an increase of the nitrogen load and decrease of 
COD/N from 5 to 3.5, the N2O conversion rate of R60Ca increased significantly by 196% 
concurrently with a 7 fold increase of liquid nitrite concentration. Unexpectedly, the 
R120Ca showed that the N2O conversion rate decreased significantly by 80% (i.e. 0.32%) 
 31 
Table 2a: Influent and effluent characteristics at different calcium concentrations at phase I 
Parameter Influent* Effluent of phase I
* 
60 mg Ca2+/L 120 mg Ca2+/L 180mg Ca2+/L 240mg Ca2+/L 
DO (mg/L) ----- 0.23 0.22 0.25 0.23 
ORP (mv) ----- -80 -85 -79 -82 
pH 7.30 8.27 8.40 8.30 8.29 
Alkalinity** 233 335 336 332 331 
TCOD (mg/L) 149±5 36±6 21±6 29±2 29±8 
SCOD (mg/L) 119±6 25±2 15±4 20±2 21±5 
TBOD (mg/L) 89±10 20±9 12±4 18±9 17±9 
SBOD (mg/L) 74±13 16±4 10±3 12±10 13±10 
NO3-N (mg/L) 30±2 1.3±0.3 0.6±0.3 0.9±0.4 1.3±0.5 
NO2-N (mg/L) 0.011±0.03 0.096±0.04 0.018±0.03 0.003±0.01 0.075±0.07 
TN (mg/L) 31±1.5 1.4±0.3 0.8±0.8 1.1±0.4 1.4±0.6 
PO4-P (mg/L) 3.4±0.3 1.7±0.5 0.9±0.4 1.0±0.3 1.0±0.3 
TP (mg/L) 3.9±0.3 1.9±0.5 1.0±0.4 1.1±0.3 1.2±0.4 
TSS (mg/L) 18±2 26±3 17±5 23±2 23±6 
VSS (mg/L) 14±2 18±2 11±3 14±1 14±4 
mg VSS/g media ----- 45±4 64±2 53±3 55±3 
EPSCarbohydrate  (mg/gVSS) ----- 6.6±3.2 8.6±2.2 8.1±3.1 8.1±4.4 
EPSProtein  (mg/gVSS) ----- 7.1±0.8 13.4±3 12.6±2 12.8±3 
EPS  (mg/gVSS) ----- 13.7±1 22.1±3 20.6±2 20.9±3 
*Average ± SD (a number of samples 50 with a frequency of a sample every 4 days); **(mg CaCO3/L) 
 
Table 2b: Influent and effluent characteristics at different calcium concentrations at phase II 
Parameter Influent* Effluent of phase II
* 
60 mg Ca2+/L 120 mg Ca2+/L 180mg Ca2+/L 240mg Ca2+/L 
DO (mg/L) ----- 0.23 0.30 0.25 0.23 
ORP (mv) ----- -80 -85 -80 -82 
pH 7.72 8.04 8.61 8.51 8.11 
Alkalinity** 235 392 399 402 404 
TCOD (mg/L) 180±2 59±5 21±3 28±3 26±7 
SCOD (mg/L) 144±6 41±4 12±5 19±2 18±5 
TBOD (mg/L) 111±11 37±9 10±4 17±9 13±9 
SBOD (mg/L) 90±13 25±5 9±6 10±3 9±10 
NO3-N (mg/L) 50±3 8.0±0.8 0.6±0.3 3.4±0.9 3.2±0.8 
NO2-N (mg/L) 0.031±0.03 0.76±0.09 0.09±0.05 0.12±0.05 0.07±0.03 
TN (mg/L) 51±2.5 9.1±1.2 0.5±0.3 3.7±0.9 3.4±0.8 
PO4-P (mg/L) 3.4±0.4 1.8±0.7 0.6±0.4 0.4±0.1 0.5±0.2 
TP (mg/L) 3.8±0.4 2.0±0.8 0.7±0.4 0.5±0.3 0.7±0.4 
TSS (mg/L) 18±2 43±4 13±6 22±2 20±6 
VSS (mg/L) 12±2 31±2 8±4 13±1 13±4 
mg VSS/g media ----- 31±4 64±5 50±3 52±7 
EPSCarbohydrate  (mg/gVSS) ----- 6.0±2.1 8.7±2.5 8±3.6 8.4±1.9 
EPSProtein  (mg/gVSS) ----- 7.1±3.3 13±3.2 11.8±2 11.3±1 
EPS  (mg/gVSS) ----- 13.1±4 21.8±3 19.8±3 19.5±2 
*Average ± SD (a number of samples 50 with a frequency of a sample every 4 days); **(mg CaCO3/L) 
 
Chapter 7. Mitigation of N2O from FBBRs       192 
 
19
2 
19
compared to the typical municipal wastewater bioparticles at R60Ca. This may be due to 
uniformity of the biofilm shape and structure (i.e. round-shape biofilm) compared to a 
fluffy protruding biofilm at low Ca2+ concentration, which would maintained the 
denitrification intermediate (i.e. NO2, NO and N2O) sufficiently long to biodegrade. 
Accordingly, this may engage slightly different microbial species in the attached biofilm 
that would reduce the denitrification intermediate. 
Furthermore, at the higher Ca2+ concentrations ranging from 180-240 mgCa2+/L, 
the N2O conversion rates decreased significantly by 75% for R180Ca and R240Ca, 
respectively. It should be noted that decrease in R180Ca and R240Ca than R120Ca due to a 
slight loss of the biofilm and excessive accumulation of the Ca2+ concentration on the 
biofilm, which caused biofilm cracks.  
Calculating the emission rate of N2O (!!!!!) using equation (7.1) showed that 
2.03 mg N2O/min.gVSS was produced from R60Ca at COD/N ratio of 5 while by 
increasing the carbon limitation on the denitrifying biofilm, the !!!!! increased by 3.5 
times. It is noteworthy that examining the emission rate of N2O at the low COD/N ratio 
shows that the denitrification biofilm was not able to achieve a complete denitrification 
through out the bioparticles and the nitrogen removal efficiency dropped to 84%. This 
was due to the structure and morphology of the biofilm (i.e. fluffy protruding biofilm), 
which did not maintain the denitrification intermediate (i.e. NO2, NO and N2O) for 
sufficiently long to biodegrade.  
Investigating the !!!!! of R120Ca, R180Ca, and R240Ca showed that 0.91, 1.35, and 
1.31 mg N2O/min.gVSS, respectively were emitted at a COD/N ratio of 5, which were 
90%, 75%, and 73% lower than R60Ca. In phase II, the !!!!! of R120Ca, R180Ca, and R240Ca 
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decreased significantly to 0.87, 2.28, and 2.41 mg N2O/min.gVSS, respectively compared 
to 9.1 mg N2O/min.gVSS for R60Ca.       
7.3.5 N2O Emissions Factor 
Estimating the !!!!!  in phase I showed that 0.69±0.04 g N2O/PE/year was 
emitted with an OLR of 5.9±0.5 kg COD/ m3.d and NLR of 1.2±0.1 kg N/m3.d. In phase 
II, by increasing the OLR and NLR by 20% and 67%, respectively, the !!!!! increased 
to triple that of the first phase, i.e. 2.06±0.09 g N2O/PE/year. It is interesting to note that 
increasing the influent calcium dosage to the DFBBR systems decreased the !!!!! of 
R120Ca, R180Ca, and R240Ca by 21%-35% in phase I. Furthermore, in phase II, the !!!!! of 
R120Ca was 0.42 g N2O/PE/year compared to 2.06±0.09 g N2O/PE/year of R60Ca (80% 
reduction). Additionally, at the high Ca2+ concentrations ranging from 180-240 mgCa2+/L, 
the !!!!!!were in a range of 0.86-0.95 g N2O/PE/year, which were 54%-58% less than 
the typical municipal wastewater concentration (R60Ca).  
Comparing the emission factors of DFBBR columns to others systems ranged 
from 0.28 to 140 g N2O/PE/year, showed that the DFBBR systems significantly reduce 
the of denitrification system contribution to the environment (Ahn et al., 2010). 
Furthermore, NO conversion rates of all DFBBR columns in both phases were very 
limited ranging from 0.0002% and 0.0019% of influent nitrogen loadings for phases I and 
II.        
7.4 Conclusions 
A new strategy to mitigate N2O emissions from biological denitrification process 
in fluidized bed bioreactors was presented. Elevated Ca2+ concentrations played a 
significant role in biofilm morphology, structure, and detachment rates, as well as 
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mitigation of the N2O emissions from denitrifying biofilms in DFBBR. Increasing 
influent Ca2+ concentrations above the 60 mg Ca2+/L typical of municipal wastewater 
concentration played a significant role in maintaining a strong biofilm in the DFBBR and 
enhanced both organic and nitrogen removal rates along with a significant reduction of 
the N2O emissions. The N2O conversion rate at the typical municipal wastewater Ca2+ 
concentration (R60Ca) was in a range of 0.53% of the nitrogen loading while with an 
increase of the calcium concentrations, the N2O conversion rate of R120Ca, R180Ca, and 
R240Ca were 0.34%, 0.42%, and 0.41%, respectively, representing declines of 21% to 36%. 
At an increased nitrogen loading and lower COD/N of 3.5, the N2O conversion rate of 
R60Ca increased significantly by 196% to 1.57% of the influent nitrogen loadings along 
with an increase in liquid nitrite concentration at R120Ca, the N2O conversion rate 
decreased significantly by 80% (i.e. 0.32%) compared to R60Ca. 
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CHAPTER  8  
BIOLOGICAL NUTRIENT REMOVAL FROM LEACHATE 
USING A PILOT LIQUID-SOLID CIRCULATING 
FLUIDIZED BED BIOREACTOR (LSCFB)* 
8.1 Introduction 
Air stripping, adsorption and membrane filtration are the major physical methods 
used for landfill leachate treatment (Bohdziewicz et al., 2001, Marttinen et al., 2002, 
Trebouet et al., 2001). Among the chemical treatment methods used for leachate 
treatment, coagulation-flocculation, and chemical or electrochemical oxidation are the 
major ones (Ahn et al., 2002, Chiang et al., 2001). Biological treatment methods used for 
leachate treatment are mainly aerobic, anaerobic and anoxic processes which are usually 
used in combination (Im et al., 2001). However, with ageing of landfill sites and with 
more stabilized leachate, as well as with more stringent discharge standards, conventional 
biological treatments followed by classical physicochemical methods are no longer 
adequate to achieve the level of purification needed to reduce the negative effects of 
landfill leachate on ecology and humankind (Lo., 1996). There is therefore a considerable 
impetus to develop novel methods for biological nutrient removal from leachate in an 
integrated system and reduce the capital and operating cost as well as the amount of 
biomass produced without using any chemicals. 
Among the biological processes for leachate treatment, fixed film bioprocesses 
offer some advantages compared to the suspended growth systems such as lower 
                                                
 
*"A version of this chapter has been published in Journal of Hazardous Materials, 181 (1-3), 289-297"
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hydraulic retention time, higher biomass retention time, higher volumetric conversion 
rates, higher resistance to toxic agents, lower sensitivity to temperature, and less sludge 
production rate. As shown in Table 8-1, the organic removal efficiencies of suspended 
and static biofilm growth systems ranged from 48% to 80% while the biological nitrogen 
removal efficiency at very long hydraulic retention times of 8-40 days, ranged from 60% 
to 90% (Jowett et al., 1999, Jokela et al., 2002, Kargi and Pamukoglu, 2003, Uygur and 
Kargi, 2004, , Renou et al., 2008, Glavez et al., 2009, Chowdhury et al., 2008, Monclus et 
al., 2009).  
Biological leachate treatment using particulate biofilm has gained considerable 
interest in recent years due to more stringent regulation (Renueo et al., 2008, Foo and 
Hamad, 2009). As depicted in Table 8-1, the effectiveness of these reactors (e.g. Upflow 
Anaerobic Sludge Blanket, Moving bed bioreactor, and Conventional Fluidized Bed 
Bioreactor) in removing carbonaceous, nitrogenous, and phosphorus pollutant in such 
systems has been demonstrated in several studies (Suidan et al., 1993, Kettunen and 
Rintala, 1995, Kettunen et al., 1996, Horan, and Gohar, 1997, Welander et al., 1997, 
Kettunen et al., 1998, Imai et al., 1998, Welander and Henrysson, 1998, Kennedy et al., 
2000).  
A new liquid-solid circulating fluidized bed (LSCFB) bioreactor has been 
developed by Nakhla and his coworkers (Nakhla et al., 2004, Cui et al., 2004, Patel et al., 
2006, Chowdhury et al., 2008) for biological nutrient removal (BNR) and reported 
excellent organic, nitrogen, and phosphorus removal efficiencies of 90%, 80%, and 70%, 
respectively with reduced sludge yields of 0.13 g VSS/g COD employing aerobic and 
anoxic conditions. Although a comparative assessment of the performance of particulate 
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biofilm growth systems (Table 8-1), with static biofilm growth systems clearly highlights 
the superiority of particulate biofilm reactors in leachate treatment at low HRTs, there are 
very limited studies analyzing biofilm processes for biological nitrogen removal from 
leachate (Suidan et al., 1993, Kettunen and Rintala, 1995, Kettunen et al., 1996, Horan, 
and Gohar, 1997, Welander et al., 1997, Kettunen et al., 1998, Imai et al., 1998, 
Welander and Henrysson, 1998, Kennedy et al., 2000).  
Thus, the primary goal of this study is to evaluate the LSCFB performance during 
the treatment of a high ammonia and very low carbon to nitrogen landfill leachate at a 
pilot scale to achieve sewer use by-law requirements for City of London (Canada) 
characterized by 350 mg TSS/L, 300 mg BOD5/L, 50 mg NH4-N, and 10 mg TP/L 
(Waste Discharge By-law, 2007). This study also aims at evaluating the performance 
sensitivity to increased loading rates, reduced empty bed contact time (EBCT), and 
hydraulic retention time. 
Table 8- 1: Comparison of leachate BNR studies in terms of COD, NH4-N, and PO4-P removal 
 
 
2 
 
Table 5-1: Comparison of leachate biological nutrient removal studies in terms of COD, NH4-N, and 
PO4-P removal  
Reactor type 
Leachate characteristic  HRT 
hrs 
Performance removal 
Reference 
(mg COD/L) (mg NH4-N/L) T oC pH COD % NH4-N % PO4-P % 
A
tta
ch
ed
 st
at
ic
 
bi
of
ilm
 g
ro
w
th
  
TF 2000-2600 300-700 25 8.0 7.6 60% 80% - [20] 
TF 850-1350 295 19.7 8.0-8.5 4.5 52% - - [21] 
TF 1828±190 2200 24 7.8 15.9 65±6% 60±5% - [4] 
A
tta
ch
ed
 p
ar
tic
ul
at
e 
bi
of
ilm
 
gr
ow
th
 sy
st
em
s 
UASB 1000-4000 1600 24 6.8-7.6 10 75% 79% - [22] 
UASB 1500-3200 500 23 7.0-7.2 16 65% 70% - [23] 
UASB 1120-3520 475 35 6.9-9.0 24 77% - - [24] 
MBBR 2000-3000 450-600 21 8.9-9.2 24 75% - - [25] 
MBBR 1740-4850 220-800 20 9.0 36 60% 70% - [26] 
P-O+MBBR 400-600 200-300 17 7.5 96 76% 80% - [27] 
P-O+FBR 1260 177 20 8.1 24 63% 53% 50% [28] 
FBR 1100-3800 492 30 6.5-7.8 34 82% 63% - [29] 
TF: Trickling filter, UASB: Upflow Anaerobic Sludge Blanket, MBBR: Moving Bed Bio-Reactor, FBR: Fluidized Bed 
Bio-Reactor, P-O: Pre-Ozonation. 
Chapter 8. BNR from Leachate Using LSCFB   201 
 
20
1 
20
8.2 Materials and Methods  
A pilot LSCFB was established to treat landfill leachate collected from the W12A 
Landfill in London, Ontario, Canada. The leachate characterized predominantly by a 
carbon to nitrogen ratio of 3:1. The pilot-scale facility was developed based on the lab-
scale experiment reported by Cui et al., (2004), Patel et al., (2006), and Chowdhury et al., 
(2008). 
8.2.1 Design and Fabrication of the LSCFB 
A schematic of the pilot-scale LSCFB shown in Figure 8-1 was used for 
biological nutrient removal from landfill leachate. The details of the reactor have been 
presented elsewhere (Chowdhury et al., 2008a). Table 8-2 shows the detailed operational 
conditions and reactors design parameters of the LSCFB. When the superficial liquid 
velocity exceeds particle terminal settling velocity, liquids and particle move co-currently 
upwards to the top of the riser and are separated by the large cone-based cylindrical 
separator. Both the settled particles and liquid then flow to the top of the downer by 
gravity.  
The downer was operated in a conventional fluidization regime (by recirculating 
the liquid from the downer liquid-solid separator) where a counter-current flow of liquid 
and solid is attained, as the liquid moves upward and solids downward. Due to the high 
abrasion in the three-phase (air, solids, and liquid) medium, the biofilm is sheared from 
the particles coming from the riser liquid-solid separator, thus increasing settling velocity 
and affecting particle recirculation back to the riser through a connecting pipe to allow 
continuous particle circulation in the riser column from the downer column.  
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Thus, the riser primarily serves as an anoxic reactor where denitrification of the 
aerobically nitrified downer effluent is achieved. When readily biodegradable COD 
concentration in the influent exceeds the denitrification requirement, then anaerobic 
phosphorus release also occurs in the riser. The riser effluent then undergoes further 
organic removal and nitrification in the aerobic downer.    
Table 8- 2: Operating conditions for LSCFB 
 
Lava rock particles with an average diameter of 600 µm (300-1000 µm) were 
used as the carrier media for biofilm attachment in the LSCFB. The particle porosity was 
3 
 
Table 5-2: Operating conditions 
 Phase I Phase II Phase III 
Influent flow, Qin (L/d) 650±35 720±35 864±35 
Average organic loading (kg COD/(m3·d)) 1.90 2.15 2.60 
Average nitrogen loading (kg N/(m3·d))  0.60 0.68 0.81 
Average phosphorus loading (kg P/(m3·d)) 0.010 0.014 0.016 
Riser-Riser recirculation ratio (Qr-r/Qin) 69 62 52 
Downer-Riser recirculation ratio (Qd-r/Qin) 34 31 26 
Downer-Downer recirculation ratio (Qd-d/Qin) 77 70 58 
Empty Bed Contact Time (d)*                                                                               Anoxic                                                                
Aerobic 
0.12
0.43 
0.11 
0.38 
0.09
0.32 
 
Nominal HRT (d)**                                      Anoxic                                                                  
Aerobic 
0.08
0.29 
0.07 
0.25 
0.06
0.21 
 
Avg. attached biomass (mg VSS/g lava 
rock)                                                                      
Anoxic                                                                  
Aerobic 
14.57
6.13 
16.30 
5.95 
18.70
7.32 
 
Biomass (g VSS)                                          Anoxic                                                           
Aerobic 
1821.25
2580.73 
2037.5 
2504.95 
2337.5 
3081.72 
 
Food/microorganisms ratio (g COD/g VSS·d)                                         0.18 0.20 0.21 
Detachment rates (d-1)                  Anoxic                                                 
Aerobic 
0.117a
0.101a 
0.127 
0.122 
0.132 
0.127 
 
Estimated SRT (d)                        Anoxic                                                
Aerobic 
Overall 
18b 
26 
44c 
17
21 
38 
13 
18 
31 
Run time (d) 40 32 22 
 
*EBCT = Vcompact/Q; **Nominal HRT = EBCT × (1- compact bed porosity) 
a based on equation (5.1) 
b based on equation (5.2) 
c based on equation (5.3)
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about 33% and the total porosity (particle porosity and void between particles) was 61%. 
The bulk density (considering packed media filled with water) of particles was 
approximately 1720 kg/m3, with a true density (the ratio of sample mass to its true 
volume) of 2560 kg/m3 and a high surface area of 10,950 m2/m3. The LSCFB was started 
with 125 and 421 kg of fresh lava rock particles with corresponding compact bed volume 
of 80 and 277 L in the riser and the downer respectively. 
 
Figure 8- 1: (a) Schematic and (b) 2-D view of the pilot-scale LSCFB 
 
The amount of particles was determined considering the observed nitrification-
denitrification rates of 0.14 g N/ (g VSS·d) and 0.62 g N/(g VSS·d) respectively and 
attached biomass of 15-39 mg VSS/g lava rock in the lab-study (Chowdhury et al., 2008). 
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The observed attached biofilm thicknesses on the aerobic and anoxic bioparticles in the 
pilot-study were 120 and 600 µm. The comparatively thin biofilm of the aerobic particles 
was mainly due to the higher abrasion and agitation generated by air, injected at the 
bottom of the aerobic column. The overall volume of the anoxic reactor, aerobic reactor, 
liquid-solids separator, and final clarifier are 0.18, 0.58, 0.06, 0.30 m3, respectively. 
8.2.2 Reactor Start-up 
The pilot-scale reactor was inoculated with enriched nitrifiers, acclimatized in the 
lab using return activated sludge from the Adelaide Pollution Control Plant, London, 
Canada, further details of the startup are presented elsewhere (Chowdhury et al., 2008). 
8.2.3 Batch Tests 
Batch tests were conducted to examine nitrification and denitrification rates of the 
attached biomass of the LSCFB bio-particles. The 0.5 L batch reactors were equipped 
with magnetic stirrers and operated under aerobic (purging air to maintain dissolved 
oxygen) and anoxic (maintained airtight to avoid intrusion of oxygen from air) conditions 
at different initial substrate to microorganisms (So/X) ratios of 0.50-0.65 g COD/g VSS. 
For nitrification, known amounts of ammonium chloride to affect an initial NH4-
N concentration ranging from 25-30 mg/L with an additional alkalinity of 250 mg/L as 
CaCO3 was added in each sample. For the denitrification test, sodium nitrate of 20-25 
mg/L as well as acetic acid of 300-400 mg/L was added as readily biodegradable carbon 
source. To reduce the effect of substrate mass transfer limitation into the biofilm, the 
biofilms were removed from 30-40 g media using sonication and then placed into the 
reactors. The So/X ratios were calculated based on nutrient loading rates and available 
attached biomass in the LSCFB. NH4-N and NO3-N levels were monitored for 6-7 h to 
determine the maximum nitrification and denitrification rates of the bio-particles.  
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8.2.4 Analytical Methods 
Influent, anoxic bed effluent, and final effluent samples were collected from the 
influent, riser top effluent, downer top effluent, and final effluent in airtight bottles twice 
a week, refrigerated at 4°C prior to analysis. Total suspended solids (TSS), volatile 
suspended solids (VSS), biological oxygen demand (BOD), and total Kjeldahl nitrogen 
(TKN) were analyzed according to the Standard Methods (APHA, 1998).  
DO and ORP were measured using Thermo Orion (810 A+) meter, and pH-11 
series pH/(mV· ºC) meter (Oakton, Singapore) respectively. HACH methods and testing 
kits (HACH Odyssey DR/2500) were used to measure total chemical oxygen demand 
(COD), soluble chemical oxygen demand (SCOD), and total phosphorus (TP). NH4, NO2, 
NO3, and PO4 were measured using ion chromatography (IC, Dionex 600, USA) 
equipped with CS16-HC and AS9-HC columns. Biofilm thickness of the LSCFB 
particles was measured using a microscope (SteREO Discovery V8, Carl Zeiss, Inc, 
Germany) coupled with a camera (Axio Cam HR, 13 MP, Carl Zesis, Germany), at a 
magnification of 80X.  
Attached biomass on the support media was examined according to the Standard 
Methods (APHA, 1998) and expressed as mg VSS/g clean particles. Approximately 4-5 g 
bioparticles were taken from the two columns, suspended in a 50 mL vial, and sonicated 
for 3 h at 30°C in an Aquasonic sonicator (Model 75HT, ETL Laboratory Testing, Inc., 
New York). After sonication, the VSS content of the detached biomass was measured 
using Standard Methods (APHA, 1998) and the sonicated particles were cleaned and 
weighted after drying at 550°C for 1 h. The paired student t-test was conducted to 
determine the statistical significance of the observed differences between the 
experimental data at the 95% confidence level. 
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8.3 Results and Discussion 
In order to evaluate the system sensitivity to different loading rates, empty bed 
contact times (EBCTs), and hydraulic retention time, were adjusted by varying the 
influent flow rate from 650 L/d (Phase I) to 720 L/d (Phase II) and ultimately to 864 L/d 
(Phase III). All volumetric loadings expressed in Table 8-2 have been calculated based on 
the total LSCFB volume of 0.77 m3 comprised of 0.19 m3 anoxic riser, and 0.58 m3 
aerobic downer. Monitoring of ORP and DO values in the downer and riser confirmed 
the aerobic (nitrification) and anoxic (denitrification) processes. DO concentrations of 2-
3.1 mg/L in the downer and ≤0.4 mg/L in the riser coupled with ORPs of +14 to +66 mV 
and -88 to -136 mV in the downer and the riser, respectively ensured proper nitrifying-
denitrifying conditions in the LSCFB. 
8.3.1 Organic Removal 
Three different EBCTs of 0.55, 0.49, and 0.41 d were examined to optimize the 
organic removal efficiency of the LSCFB. Figure 8-2a shows the COD removal profile 
during the different phases. The raw leachate characteristics depicted in Table 8-3 reflect 
a COD:N:P ratio of 3:1:0.0155. The organic matter in the leachate was predominantly 
soluble with ratios of average SBOD:BOD of 0.71:1 and SCOD:COD of 0.80:1. The ratio 
of SBOD to SCOD of 0.4 reflects relatively low biodegradability. The pseudo-steady-
state average influent and effluent characteristics, illustrated in Table 8-3, reflect ≥85% 
TCOD removal in phases I and II at an EBCTs of 0.55 and 0.49 d, whereas on average, 
76% of the influent COD was removed at an EBCT of 0.41 d. The decrease in EBCT 
affected an increase in organic loading rate (OLR) from 1.90 to 2.60 kg COD/m3.d as 
influent COD concentrations were almost constant throughout the study. The BOD 
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removal profile, shown in Figure 8-2b, indicates that all the effluent BOD samples during 
the various phases met the sewer use by-law requirements for City of London (Canada) 
limit of 300 mg BOD5/L.  
Table 8- 3: Influent and effluent characteristics for different phases of LSCFB 
 
Even though the influent COD concentrations were 1259±77 mg/L, a significant 
change in effluent COD concentrations was observed with variation of OLRs. The 
effluent COD concentrations increased from 195 to 302 mg/L when OLR was increased 
from 1.90 to 2.6 kg COD/m3.d. It is noteworthy that although effluent SBOD 
concentrations in all three phases were around 32-40 mg/L, effluent SCOD 
concentrations in phase III increased sharply from the 150 mg/L observed in phases I and 
II to 245 mg/L in phase III, despite constant raw leachate characteristics. This effluent 
SCOD increase may be attributable to nonbiodegradable soluble microbial products 
(SMP) since effluent SBOD and raw leachate characteristics were constant. Furthermore, 
as evident from Table 8-3, effluent VSS concentrations in phase III were about 20% 
higher than in phases I and II.  
 
 
4 
Table 5-3: Influent and effluent characteristics for different phases 
Parameter Influent* Effluent
* 
Phase I Phase II Phase III 
pH 7.9-8.8 6.9-7.9 7.2-8.2 7.6-8.1 
Alkalinity** 1619±52 311±69 323±71 296±57 
COD (mg/L) 1259±77 195±35 197±46 302±98 
SCOD mg/L) 1025±270 149±39 153±43 245±85 
NH4-N (mg/L ) 360±59 34.6±8.2 35.4±13.1 54.7±11.2 
NO3-N (mg/L) 3.1±1.5 57.5±10.5 59.9±31.1 63.9±10.3 
TKN (mg/L) 392±64 41±8 49±15 92±23 
PO4-P (mg/L) 3.4±1.1 1.0±0.2 1.0±0.2 1.2±0.5 
TP (mg/L) 6.2±1.3 1.9±0.6 1.7±0.3 2.0±0.6 
TSS (mg L) 263±42 56±5 60±13 58±8 
VSS (mg/L) 156±30 38±5 37±5 44±8 
BOD (mg/L) 565±121 85±16 83±13 98±18 
SBOD (mg/L) 402±83 32±9 35±8 40±12 
*Average ± SD (number of samples, 8-12); **(mg CaCO3/L) 
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Effluent biomass concentrations were significantly influenced by OLRs, which 
increased surface growth rates and detachment coefficients. The first-order detachment 
rate coefficients (d-1), reported in Table 8-2, were calculated using Equation (8.1), where 
the total daily amount of biomass (as VSS) leaving the reactor effluent (Xl) was divided 
by the total amount of attached biomass (Xm) available in the reactor estimated as the 
product of particles in the reactor and attached biomass concentrations (Nakhla and 
Suidan, 2002, Patel et al., 2005). 
…………………………….. Equation (8.1) 
As apparent from Table 8-2, the anoxic detachment rates increased from 0.127 d-1 
in phase II to 0.132 d-1 in phase III. Similarly, the aerobic detachment rate increased from 
0.122 d-1 in phase II to 0.127 d-1 in phase III which coupled with the increased biomass 
rationalize the rise in effluent VSS at higher OLRs. It is interesting to note that in all 
phases the LSCFB system achieved average effluent concentrations of 195-302 mg 
COD/L, 56-60 mg TSS/L, 37-44 mg VSS/L, 32-40 mg SBOD/L, and 83-98 mg BOD/L, 
well below the sewer use by-law requirements for City of London (Canada) of 350 mg 
TSS/L and 300 mg BOD5/L.  
8.3.2 Nitrogen Removal 
Influent nitrogenous compounds were nitrified in the downer, where DO level 
was 2.0±0.9 mg/L and the nitrate generated in the downer was denitrified in the anoxic 
riser. The LSCFB demonstrated a nitrification capacity of 0.81-1.1 kg N/m3.d, estimated 
considering the compacted bed volume of 0.58 m3 in the aerobic downer and the amount 
of nitrogen nitrified. Based on the compacted bed volume of 0.19 m3 in the anoxic riser 
and the amount of nitrogen denitrified, the LSCFB demonstrated a denitrification 
mMX
QXb 1' =
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capacity of 2.43-3.28 kg N/m3.d. The LSCFB was efficient in removing nitrogen from 
leachate, as shown in Figure 8-2c. Approximately 80% of influent nitrogen was removed 
at nitrogen loading rates (NLRs) of 0.60, and 0.68 kg N/m3·d in phases I and II, 
respectively. The system in both phases readily achieved <50 mg NH4-N/L based on the 
total bioreactor volume of 0.77 m3. Statistical analysis of the pseudo-steady-state data 
(Table 8-3) indicates that 95% of the samples tested in phase I and II met the 50 mg NH4-
N/L limit of sewer by-law requirements for the City of London (Canada).  
Even though average influent NH4-N concentrations were 360±59 mg/L 
throughout the study, nitrogen loading rate increased from 0.60 to 0.81 kg N/m3.d as 
EBCT decreased. In phase III, statistical analysis of the pseudo-steady-state data 
indicates that 75% of the samples tested (Figure 8-2d) did not meet the 50 mg NH4-N/L 
sewer discharge limit for the City of London at a NLR of 0.81 kg N/m3.d.  
Average effluent ammonia concentration increased to 54.7 mg NH4-N/L and 
nitrogen removal efficiency decreased significantly to 62%. This indicates that the 
performance of the LSCFB is limited by nitrification, as a result of the short aerobic 
EBCT of 0.32 d. Thus, although the LSCFB met sewer discharge BOD and TSS 
requirements in all three phases, the maximum sustained loading is governed by 
nitrification and corresponds to a flow rate of 720 L/d, and a NLR of 0.7 kg N/m3.d at an 
EBCT of 0.49 d.  
The pilot-LSCFB nitrification-denitrification rates, estimated based on available 
anoxic-aerobic biomass and amount of nitrogen nitrified and denitrified in the system, 
were 0.05-0.11 g N/(g VSS·d) and 0.13-0.18 g N/(g VSS·d), respectively. Off-line bench 
scale tests conducted on the pilot-LSCFB particles specific nitrification (SNRs) and 
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denitrification (SDNRs) rates of 0.14 g NH4-N/(g VSS·d) and 0.62 g NO3-N/(g VSS·d) 
are much higher than the aforementioned observed nitrification-denitrification rates in the 
pilot-LSCFB, due to lower carbon to nitrogen ratio, limited readily biodegradable carbon 
source, and external mass transfer resistances despite particles fluidization.  
It is noteworthy that the novel LSCFB used in this study achieved 80% nitrogen 
removal without any pre-treatment at EBCTs of 0.55 and 0.49 d in phases I and II, 
respectively corresponding to NLR of 0.60 and 0.68 kg N/m3.d, whereas overall N 
removal efficiency in pre-ozonation conventional fluidized bed reactor treating leachate 
characterized by a C/N ratio of 5:1 at NLR of 0.7 kg N/m3.d was 60% (Welander and 
Henrysson, 1998).        
8.3.3 Phosphorus Removal 
Approximately 70% phosphorus removal was observed using LSCFB in this 
study without any chemical addition as shown in Figure 8-2e. Table 8-3 shows influent 
and effluent PO4-P concentrations of 3.4 and 1.2-1.0 mg/L respectively in phase I, II, and 
III. It is interesting to note that in all phases the LSCFB system achieved average effluent 
concentrations of 1.7-2.0 mg TP/L and 1-1.2 mg PO4-P/L, well below the sewer use by-
law requirements for City of London (Canada) of 10 mg TP/L. 
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Figure 8- 2: Nutrient removal using the LSCFB, a) COD removal, b) BOD removal, c) 
Nitrogen removal, d) Ammonia removal, e) Total Phosphorus removal, and f) PO4-P 
removal 
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Figure 5-3: Nutrient removal using the L FB, a) COD removal; b) BOD removal; c) 
Nitrogen removal; d) Ammonia removal; e) Total Phosphorus removal, and f) PO4-P removal 
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The overall average phosphorus removal in the LSCFB based on the difference 
between influent TP and effluent soluble P varied narrowly from 5 mg/L in phase III to 
5.2 mg/L in phase I and II. Thus, the overall phosphorus removal rates were 3.38 g P/d 
(Phase I), 3.74 g P/d (Phase II), and 4.32 g P/d (Phase III). Based on the yields discussed 
later, phosphorus utilized for biomass synthesis in phases I, II, and III were 1.92, 2.52, 
2.82 g P/d, respectively. Chemical phosphorus removal by influent calcium with an 
average concentration of 48.7 mg Ca+2/L by precipitation contributed 1.46, 1.26, and 1.5 
g P/d in phases I, II, and III, respectively, corresponding to 43%, 34%, and 35% of 
overall P removal in the system.  
8.3.4 Sludge Yield 
Sludge yield in the pilot-scale LSCFB was calculated as the sum of the net change in 
attached biomass, sludge wastage, and effluent solids divided by the total COD consumed 
in the process. Figure 8-3 shows the observed yields as a linear regressions between 
cumulative biomass and cumulative COD removal of 0.133, 0.158, and 0.161 g VSS/g 
COD in PI, PII, and PIII, respectively. Reduction of the sludge yield will substantially 
minimize post treatment cost of the leachate sludge.  
Comparison between observed yields and the estimated yields, as reported in 
Table 8-4, considering stoichiometric yield coefficients of 0.63 g COD/g COD, 0.54 g 
COD/g COD, and 0.24 g COD/g N for aerobic, anoxic, and nitrification, respectively 
(Metcalf and Eddy, 2003), process SRTs, decay coefficient for heterotrophic (Kd) of 0.1 
d-1, decay coefficient for autotrophic (Kdn) of 0.08 d-1, and fraction of inert biomass that 
remains as cell debris (fd) of 0.15 g VSS/g VSS (ASM2, Henze et al., 1995), the 
estimated yields of 0.11, 0.12, and 0.14 g VSS/g COD are in close agreement with the 
observed yields of 0.133, 0.158 and 0.161 g VSS/g COD in PI, PII, and PIII, respectively. 
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Using Equations (8.2) and (8.3), overall SRT of 31-44 d and anoxic SRT of 13-18 d were 
calculated throughout the experiments (Table 8-2), where M is the weight of particles (g) 
and Xanoxic and Xaerobic are the attached VSS (mg) per each gram media in the anoxic and 
aerobic column respectively. Xwastage is the amount of VSS (mg) wasted per day, 
VSSeffluent is the concentration of biomass in the effluent (mg/L) and Qeffluent stands for the 
effluent flow rate (L/d). 
 
Figure 8- 3: Yield of process using LSCFB at (a) Phase I, (b) Phase II, and (c) Phase III 
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Figure 5-4: Yield of process using LSCFB at (a) Phase I, (b) Phase II, and (c) Phase III 
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SRT!"#$% = !!"#$%&'!!"#$%&'!!!"#$%&!!"#$%&!!""#$!%&! ""!""!!!"#$"%& ………..…..…. Equation (8.2) SRT!"#$%& = SRT!"#$% !!"#$%&!!"#$%&!!"#$%&'!!"#$%&'!!!"#$%&!!"#$%&….…. Equation (8.3) 
It is interesting to note that the significantly lower observed yields of the LSCFB 
relative to activated sludge processes are attributed to its extended SRTs, anoxic COD 
consumption of 90%, and comparatively lower food/microorganisms (F/M) ratios of 
0.18-0.21 g COD/(g VSS·d) as shown in Table 8-2.  
8.3.5 Overall Nutrient Mass Balances 
Table 8-4 presents the overall mass balances for COD, nitrogen, and alkalinity in 
the anoxic and aerobic column of the LSCFB. Approximately 92% of the influent COD 
was utilized in the anoxic column by denitrification in phases I and II as compared with 
82% in phase III. Anoxic COD consumption was 644 and 719 g COD/d in phases I and II 
respectively. COD consumption for denitrification (3.5-3.7 mg COD/mg NO3-N) was 
estimated using Equation (8.4) (Metcalf and Eddy, 2003), considering the observed 
biomass yield of 0.133-0.158 g VSS/g COD.  
COD consumption for denitrification = ……. Equation (8.4) 
COD percent (%) closure has been calculated using influent and effluent COD 
concentrations, and COD in the mass wastage from the LSCFB system. Even though 
percentage COD closures are approximately 92-93% in phases I and II, COD closure in 
phase III is only 82%. Table 8-4 shows that 183-195 g NO3-N/d were removed in the 
anoxic column, which generates 652-696 g alkalinity as CaCO3/d. In the aerobic column, 
220-250 g NH4-N/d were nitrified and utilized 1573-1780 g alkalinity as CaCO3/d. In 
phase I, the estimated alkalinity loss of 921 g CaCO3/d (Table 8-4) is about 8% higher 
)42.11(
86.2
Y×−
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than the 850 g CaCO3/d observed experimentally (Table 8-3). In phase II, estimated 
alkalinity reduction of 1004 g CaCO3/d is 7.5% higher than the 930 g CaCO3/d observed 
experimentally while the estimated alkalinity loss for phase III of 1085 g CaCO3/d is only 
5% lower than the measured 1143 g CaCO3/d. 
Table 8- 4: Overall mass balance for all phases in LSCFB 
 
 
 
5 
Table 5-4: Overall mass balance  
 Phase I Phase II Phase III 
COD removed (g COD/d) 721.51 796.3 876.1 
Anoxic COD consumed (g COD/d) 6442 719.2 723 
COD-Biomass (g COD/d) 136.33 178.7 199 
N-Nitrification (g N/d) 220.34 237.9 249.4 
N-Denitrification (g N/d) 182.65 194.8 194.9 
Alkalinity anoxic (g CaCO3/d) -651.86 -695.4 -695.8 
Alkalinity aerobic (g CaCO3/d) 15737 1699 1781 
Solids retention time (d) Anoxic 18 17 13 
 Aerobic 26 21 18 
kd* for heterotrophic (d-1) 0.1 0.1 0.1 
kdn† for autotrophic (d-1) 0.08 0.08 0.08 
fd‴  (g VSS/g VSS) 0.15 0.15 0.15 
Heterotrophic biomass production (gVSS/d)  110.9a 127.1 142.7 
Autotrophic biomass production (gVSS/d) 15.9b 18.9 21.1 
Estimated yield (g VSS/g COD) 0.11c 0.12 0.14 
Observed yield (g VSS/g COD) 0.133 0.158 0.161 
% COD closure  96%d 98% 85% 
1 COD removed = (TCODin 
!!  – SCODeff !!!  ) × Qin !! 
2 Anoxic COD consumed = [(N-Denitrification !!)× !.!"!!!.!"!!"#] 
3 COD-Biomass = CODremoved×1.42Yobs 
4 N-Nitrification = (TKNin 
!!  – TKNeff !!! )×Qin !! – Nsludge !!  
5 N-Denitrification = N-Nitrification 
!! – (NO3 eff !!!×Qin !! ) 
6Alkalinity generated in the anoxic column= (–) N-Denitrification ×3.57 
7 Alkalinity consumed in the aerobic column= N-Nitrification ×7.14 
a Heterotrophic biomass production = [ !!!!!!"#!"#$%& (1+fd kd SRTanoxic)]× Anoxic CODconsumed !! 
b Autotrophic biomass production = [ !!!!!!"!"#!"#$%&' (1+fd kdn SRTaerobic)]× N-Nitrification !! 
c Estimated yield = !!"#!"#!"#!!!"#!"#!"#!"#!"#!!"#!"#  
d % COD closure = !"#$%&!!"#!!"#$%&'(!!!"#!!"#$%&&!!!"#!"  
* Endogenous decay coefficient for heterotrophic bacteria 
† Endogenous decay coefficient for autotrophic bacteria 
‴  Cell debris (fd) 
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8.4 Conclusions 
The LSCFB proved to be a reliable integrated technology for biological nutrient 
removal from landfill leachate at a low carbon to nitrogen ratio of 3:1. The system was 
operated at loading rates of 1.90-2.60 kg COD/(m3·d), 0.60-0.81 kg N/(m3·d), and 0.010-
0.016 kg P/(m3·d) to optimize the loading. The system efficiently removed nutrients at 
flow rate of 720 L/d corresponding to an EBCT of 0.49 d and loading rate of 2.15 kg 
COD/m3.d, 0.68 kg N/m3.d, and 0.014 kg P/m3.d.  
The LSCFB removed approximately 85% organic, 80% nitrogen, and 70% 
phosphorus at nutrients loading rates of 2.15 kg COD/(m3·d), 0.68 kg N/(m3·d), and 
0.014 kg P/(m3·d).  LSCFB effluent characterized by ≤35 mg SBOD/L, <35 mg NH4-N/L, 
<1.0 mg PO4-P/L, and 37 mg VSS/L easily met the sewer by-law criteria for City of 
London (Canada) without using any chemicals for phosphorus removal. Remarkably low 
yields of 0.13, 0.15, and 0.16 gVSS/gCOD were observed at long biological solids 
retention time (SRT) of 31-44 d. Overall mass balances indicated COD closures of 96%, 
98%, and 85% in phases I to III, respectively, and alkalinity mass balances closed within 
5%-8%, confirming data reliability.  
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CHAPTER  9  
COMPARATIVE MODELING OF BIOLOGICAL 
NUTRIENT REMOVAL FROM LANDFILL LEACHATE 
USING A CIRCULATING FLUIDIZED BED BIOREACTOR 
(CFBBR)* 
9.1 Introduction 
Landfill leachate is very complex due to large recalcitrant organic molecules, long 
leachate age, low biodegradable organics concentration, high COD and ammonium 
content, low carbon to nitrogen ratio, and the presence of heavy metals and toxic 
components (Foo et al., 2009, Galvez et al., 2009, Park et al., 2001, Renou et al., 2008). 
Compared to conventional physical, chemical, and biological treatment processes for 
industrial wastewater, the circulating integrated fluidized bed bioreactor (CFBBR) system 
has numerous advantages including small footprint with elimination of clarifiers, high 
biomass retention resulting in long solids residence time (SRTs) and relatively short 
hydraulic retention time (HRTs), enhanced mass transfer, and lower sludge production 
rate. 
An extensive pilot-scale investigation of the patented CFBBR for biological 
nutrient removal (BNR) from municipal wastewater and landfill leachate has been 
reported by Nakhla and coworkers (Eldyasti et al., 2010, Nakhla et al., 2005). The 
CFBBR employs attached microbial films resulting from biodegradation of both organics 
and nutrients within an integrated system comprising an anoxic column in a fast 
                                                
 
*"A version of this chapter has been published in Journal of Hazardous Materials, 187 (1-3), 140-149"
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fluidization regime and an aerobic column in a conventional fluidization regime. This 
new promising patented technology combines the compactness and efficiency of a fixed-
film process with excellent organics, nitrogen, and phosphorus removal efficiencies of 
85%, 80%, and 70%, respectively, and reduced sludge yields of 0.15 g VSS/g COD as 
compared with 60%-70% COD and 70%-74% nitrogen removal efficiencies achieved by 
upflow anaerobic sludge blanket (UASB) and moving bed bioreactor (MBBR), 
respectively (Kettunen et al., 1996, Kettunen and Rintala, 1998, Kennedy et al., 2000, 
Kettunen and Rintala, 1995, Horan et al., 1997, Welander et al., 1997). 
Several mathematical mixed culture biofilm models have been published and 
presented over the past 20 years (Wanner and Reichart, 1996, Wanner et al., 1996). These 
models vary in complexity from simple analytical models to multi and three-dimensional 
(3D) dynamic models in order to solve the mass balance differential equations between 
the biofilm and various particulate and dissolved components of microbial cells, 
extracellular polymeric substance, organic and inorganic particles, nutrients, electron 
acceptors, and electron donors as a function of transport and transformation processes 
(Wanner and Reichart, 1996). For the specific purpose of engineering design and analysis, 
a balance between the simplified and complex mechanistic approach is required. One-
dimensional (1-D) fully dynamic and steady-state simulation models are widely used to 
simulate the full-scale wastewater treatment plant (WWTP) such as the stratified dynamic 
multi-species model introduced and implemented in the AQUASIM software (Reichert, 
1994, Wanner and Reichart, 1996, Wanner and Gujer, 1984, Wanner, 1986, Xavier et al., 
2005) and Activated Sludge Models (ASM1, ASM2, ASM2d, ASM3) introduced by 
International Water Association (IWA) (Henze et al., 1995). The IWA model is available 
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in several user-friendly forms, the most common of which are the Simba® (Ifak GmbH, 
Magdeburg, Germany), ASIM® (EAWAG, Switzerland), EFOR® (DHI Inc., Denmark), 
BioWin® (Envirosim Associates Ltd., Burlington, ON), GPS-X® (Hydromantis Inc., 
Hamilton, ON), AQUIFAS® (Aquaregen, Mountain View, CA), Pro-2D® (CH2M HILL, 
Inc., Colorado, US), STOAT® (WRc, Wiltshire, England), and WEST® (Mostforwater, 
Belgium). However, Simba®, ASIM®, and EFOR® are only developed for the suspended 
growth  municipal wastewater treatment plants while BioWin®, GPS-X®, AQUIFAS®, 
Pro-2D®, STOAT®, and WEST® are developed for both suspended and attached growth 
systems. 
BioWin® and AQUIFAS® developed a fixed film model and successfully 
simulated the integrated fixed-film activated sludge (IFAS) process, moving bed biofilm 
reactor (MBBR), and biological aerated filter (BAF) systems for municipal wastewater 
treatment plants using a wide range of BOD loadings and biofilm thicknesses (Sen and 
Randall, 2008a, Sen and Randall, 2008b, Sen and Randall, 2008c, Phillips et al., 2008, 
McGehee et al., 2009, Rupp et al., 2009).  The developed models improved the accuracy 
of diffusional models by evaluating results against semi-empirical data based on 
experimental measurements from different full-scale WWTPs. For example, fluxes and 
thicknesses computed by biofilm diffusional modeling can be corrected based on the 
experimental measurements.  
In a fluidized bed bioreactor, simulating the effective volume of the reactor 
(expanded bed) as a function of biofilm thickness and recirculation flows is challenging 
due to the complex hydrodynamics involving changing biofilm thicknesses, varying 
detachment and attrition rates whereas in the IFAS and MBBR detachment and attrition 
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effects are minimal. Moreover, the characteristics of wastewater have a considerable 
effect on the growth rate of attached biomass and biofilm thickness. Particularly, in case 
of landfill leachate with C/N ratio of 3:1, total chemical oxygen demand to volatile 
suspended solids  (TCOD/VSS) ratio of 8:1 and total biochemical demand to total 
chemical oxygen demand (TBOD/TCOD) of 0.44, simulation of biological nutrient 
removal using fluidized bed bioreactors is challenging as a result of biodegradable carbon 
limitation and biofilm growth limitations. However, none of the aforementioned 
softwares is designed to model fluidized bed bioreactors as a function of effective volume 
of the reactor, biofilm thickness limitation, and recirculation flows. In addition, the 
comprehensive literature review using web of Science® and Google Scholar®, as a search 
engines, with a keywords of landfill leachate, biological nutrient treatment, and modeling 
demonstrated that no models are readily available that can accurately predict biological 
nutrient removal from landfill leachate in a biofilm systems.  
Thus, comparative modeling of CFBBR system treating landfill leachate was 
performed using calibrated BioWin® and AQUIFAS ® softwares. The primary goal of this 
study was to develop a model to simulate the CFBBR system during the treatment of 
landfill leachate. In addition to evaluating and comparing the CFBBR performance using 
both commercially available simulation models during the treatment of a high ammonia 
and very low carbon to nitrogen landfill leachate. This study also aimed to evaluate the 
biofilm and biomass prediction in the anoxic and aerobic columns and verifying the 
calibrated models by increasing the loading rates, reducing the empty bed contact time 
(EBCT), and decreasing the hydraulic retention time. 
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9.2 Materials and Methods 
9.2.1 Circulating Fluidized Bed Bioreactor  
Experiments were conducted in a pilot-scale CFBBR with an anoxic compartment 
(riser) followed by aerobic compartment (downer) and recirculation lines between 
downer and riser as shown in Figure 9-1 to treat landfill leachate collected from the 
W12A Landfill in London, Ontario, Canada. Table 9-1 illustrates the leachate, 
characterized predominantly by a carbon to nitrogen ratio of 3:1, TCOD/VSS ratio of 8:1 
and TBOD/TCOD of 0.44.  
 
Figure 9- 1: (a) Schematic and (b) 2-D view of the pilot-scale CFBBR 
 
The pilot-scale facility was developed based on the lab-scale experiments reported 
by Cui et al. (2004), Patel et al. (2006), and Chowdhury et al. (2008). Table 9-2 shows 
the detailed operational conditions and reactor design parameters of the CFBBR, further 
31 
 
 
   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
Figure 10-1: (a) Schematic and (b) 2-D view of the pilot-scale CFBBR 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 10-2: BioWin® and AQUIFAS® schematic flow diagram of CFBBR model 
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details of the reactor and operational conditions are presented elsewhere (Chowdhury et 
al., 2008, Eldyasti et al., 2010).  
Lava rock particles with an average diameter of 600 µm (300-1000 µm) were 
used as the carrier media for biofilm attachment in the CFBBR. The particle porosity was 
about 33% and the total porosity (particle porosity and voids between particles) was 61%. 
The bulk density (considering packed media filled with water) of particles was 
approximately 1720 kg/m3, with true density (the ratio of sample mass to its true volume) 
of 2560 kg/m3 and a high specific surface area of 10,950 m2/m3. The CFBBR was started 
with 125 and 421 kg of fresh lava rock particles with the corresponding compact bed 
volumes of 80 L and 277 L in the riser and the downer respectively. 
Table 9- 1: Influent and effluent characteristics compared to simulated by BioWin® 
 
The amount of particles was determined considering the observed nitrification-
denitrification rates of 0.14 g N/ (g VSS·d) and 0.62 g N/(g VSS·d) respectively and 
24 
 
Table 10-1: Influent and effluent characteristics for different phases  
Parameter 
Experimental 
influent 
characteristics* 
BioWin® model 
influent 
characteristics** 
Effluent* 
Phase I Phase II 
pH 7.9-8.8 8.40 7.2-8.2 7.6-8.1 
Alkalinity** 1619±52 1619 323±71 296±57 
COD (mg/L) 1259±77 1300 197±46 302±98 
SCOD (mg/L) 1025±27 1058 153±43 245±85 
NH4-N (mg/L ) 360±59 349 35.4±13.1 54.7±11.2 
NO3-N (mg/L) 3.1±1.5 3.1 59.9±31.1 63.9±10.3 
TKN (mg/L) 392±64 392 49±15 92±23 
PO4-P (mg/L) 3.4±1.1 3.8 1.0±0.2 1.2±0.5 
TP (mg/L) 6.2±1.3 7 1.7±0.3 2.0±0.6 
TSS (mg L) 263±42 270 60±13 58±8 
VSS (mg/L) 156±30 163 37±5 44±8 
BOD (mg/L) 565±121 687++ 83±13 98±18 
SBOD (mg/L) 402±83 684++ 35±8 40±12 
*Average ± SD of a number of samples 8-12 with a frequency of a sample every 4 days; 
**(mg CaCO3/L) 
++ Higher than the experimental data due to the BioWin® influent specifier limitations 
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attached biomass of 15-39 mg VSS/g lava rock in the lab-study (Chowdhury et al., 2008, 
Chowdhury et al., 2009).  
The observed attached biofilm thicknesses on the aerobic and anoxic bioparticles 
in the pilot-study were 120 and 600 µm. The comparatively thin biofilm of the aerobic 
particles was mainly due to the higher abrasion and agitation generated by air, injected at 
the bottom of the aerobic column.  
Table 9- 2: Operating conditions for different phases in CFBBR 
  
25 
 
Table 10-2: Operating conditions 
 Phase I Phase II 
Influent flow, Qin (L/d) 720±35 864±35 
Average organic loading (kg COD/(m3·d)) 2.15 2.60 
Average nitrogen loading (kg N/(m3·d))  0.68 0.81 
Average phosphorus loading (kg P/(m3·d)) 0.014 0.016 
Riser-Riser recirculation ratio (Qr-r/Qin) 62 52 
Downer-Riser recirculation ratio (Qd-r/Qin) 31 26 
Downer-Downer recirculation ratio (Qd-d/Qin) 70 58 
Empty Bed Contact Time (d)*                                                                               Anoxic                                                                 
Aerobic 
0.11
0.38 
0.09 
0.32 
 
Nominal HRT (d)**                                      Anoxic                                                                  
Aerobic 
0.07
0.25 
0.06 
0.21 
 
Avg. attached biomass (mg VSS/g lava 
rock)                                                                      
Anoxic                                                                  
Aerobic 
16.3
5.9 
18.7 
7.3 
 
Biomass (g VSS)                                          Anoxic                                                           
Aerobic 
2037.5
2504.9 
2337.5 
3081.7 
 
Food/microorganisms ratio (g COD/g VSS·d)                                         0.20 0.21 
Detachment rates (d-1)                  Anoxic                                                 
Aerobic 
0.127a 
0.122a 
0.132 
0.127 
 
Estimated SRT (d)                        Anoxic                                                
Aerobic 
Overall 
17b
21 
38c 
13
18 
31 
*EBCT = Vcompact/Q; **Nominal HRT = EBCT × (1- compact bed porosity) 
a 
mMX
QXbratesDetachment 1' )( =  
b SRT!"#$%& = SRT!"#$% !!"#$%&!!"#$%&!!"#$%&'!!"#$%&'!!!"#$%&!!"#$%& 
c!SRT!"#$% = !!"#$%&'!!"#$%&'!!!"#$%&!!"#$%&!!""#$!%&! ""!""!!!"#$"%&  
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The overall volume of the anoxic reactor, aerobic reactor, liquid-solids separator, and 
final clarifier were 0.19, 0.58, 0.06, and 0.30 m3 respectively. The pilot-scale reactor was 
inoculated with enriched nitrifiers, acclimatized in the lab using return activated sludge 
from the Adelaide Pollution Control Plant, London, Canada, with further startup details 
presented elsewhere (Chowdhury et al., 2008, Chowdhury et al., 2009). 
9.2.2 Analytical Methods 
Influent, anoxic bed effluent, and final effluent samples were collected in airtight 
bottles twice a week, and refrigerated at 4°C prior to analysis. Total suspended solids 
(TSS), volatile suspended solids (VSS), 5-days biological oxygen demand (BOD), and 
total Kjeldahl nitrogen (TKN) were analyzed according to the Standard Methods (APHA, 
1998).  
Dissolved oxygen (DO) in the CFBBR downer was measured using Thermo 
Orion (810 A+) meter. HACH methods and testing kits (HACH Odyssey DR/2500) were 
used to measure TCOD, soluble chemical oxygen demand (SCOD), and total phosphorus 
(TP). NH4, NO2, NO3, and PO4 were measured using ion chromatography (IC, Dionex 
600, USA) equipped with CS16-HC and AS9-HC columns. The biofilm thickness of the 
CFBBR particles was measured using a microscope (SteREO Discovery V8, Carl Zeiss, 
Inc, Germany) coupled with a camera (Axio Cam HR, 13 MP, Carl Zesis, Germany), at a 
magnification of 80X.  
Attached biomass on the support media was examined according to Standard 
Methods (APHA, 1998) and expressed as mg VSS/g clean particles. Approximately 4-5 g 
bioparticles were taken from each of the two columns, suspended in a 50 mL vial, and 
sonicated for 3 h at 30°C in an Aquasonic sonicator (Model 75HT, ETL Laboratory 
Testing, Inc., New York). After sonication, the VSS content of the detached biomass was 
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measured using Standard Methods (APHA, 1998) and the sonicated particles were 
cleaned and weighted after drying at 550°C for 1 h. The paired student t-test was 
conducted to determine the statistical significance of the observed differences between 
the experimental data at the 95% confidence level. 
9.3 Modeling and Simulation  
The experimental results of the pilot-scale CFBBR were modeled and calibrated 
using BioWin® (3.0) software developed by Envirosim Associates Ltd. (Burlington, ON, 
Canada) and AQUIFAS® (AQUANET) software developed by Aquaregen (Mountain 
View, CA, US). Modeling of particulate attached growth systems using both softwares 
for simulation of the complex interactions that occur in the anoxic riser and aerobic 
downer biofilm reactors (Henze et al., 1995) was based on general Activated Sludge 
models i.e. ASM1 , ASM2d, and ASM 3 (Barker et al., 1997, Comeau and Taka, 2008, 
Boltz et al., 2010). 
9.3.1 Modeling Using BioWin®   
BioWin® is developed to model biofilm systems as 1-D fully dynamic and steady-
state simulations using a wide range of BOD loading, biomass, and biofilm thickness 
evaluated against semi-empirical data based on experimental measurements from a full-
scale WWTPs. The influent characteristics of the landfill leachate, simulated using the 
influent specifier associated with BioWin® revealed the carbonaceous and nutrient 
fractions summarized in Tables 9-1 and 9-3 illustrating the simulated landfill leachate 
characterization compared to the experimental leachate characterization confirm the 
validity of the specification of various organic and nutrient fractions (Table 9-3) as 
reflected by the close agreement between all water quality parameters of COD and BOD. 
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It must be asserted that BioWin® model is COD based and calculates TSS, VSS, and 
BOD (total and soluble) based on the specification of unbiodegradable particulate and 
non-colloidal slowly biodegradable fractions, which are not readily measured. In order to 
account for the much higher soluble fraction of the organic matter in the landfill leachate 
relative to typical municipal wastewater using the influent specifier, unbiodegradable 
particulate (Fup) and non-colloidal slowly biodegradable (Fxsp) were adjusted to 0.185 
gCOD/gTCOD and 0.05 gCOD/gsbCOD, respectively. It is noteworthy to mention that 
the adjusted parameters were out of the typical range considered for municipal 
wastewater in BioWin®. As depicted in Table 9-4, the various kinetics parameters for 
autotrophs and heterotrophs used in all modeling runs were set to default values. 
9.3.2 Modeling Using AQUIFAS®   
AQUIFAS® is developed to model fixed film process using semi-empirical 
equations and a 2-dimensional biofilm model (Sen and Randall, 2008a, Sen and Randall, 
2008b, Sen and Randall, 2008c). The model equations are based on the kinetics of COD 
uptake, nitrification, denitrification, and biological phosphorus removal by biofilm carrier 
particles, as measured under different substrate conditions within the length of a 
biological reactor. The equations incorporate Monod kinetics with mass flux to simulate 
the variation in substrate uptake rates, as a result of changes in external substrate 
concentrations, and associated changes in the biofilm thickness and fraction of nitrifiers 
in the biofilm that develop in a different cell reactors. The detailed model equations are 
presented elsewhere (Sen and Randall, 2008a, Sen and Randall, 2008b, Sen and Randall, 
2008c). 
The biofilm diffusion model breaks the biofilm into 12 layers and a stagnant 
liquid layer. COD, DO, biomass, nitrogen, and phosphorus fluxes from a concentric layer 
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to the next deeper layer are the net uptake and release in the layer and the flux from the 
concentric outer layer to this layer. This model adopted the model equations and 
stoichiometric relationships used in AQUIFAS® to compute the substrate uptake and 
biomass generation in each layer of the biofilms.  
Table 9- 3: Carbonaceous and nutrient fraction estimated and assumed for landfill leachate in 
BioWin® 
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Table 10-3: Carbonaceous and nutrient fraction estimated for wastewater and assumed 
for landfill leachate in BioWin® 
Fraction (abbreviation) Unit Defaulta Inputb 
Readily biodegradable (Fbs ) gCOD/g TCOD 0.16 0.6941 
Acetate (Fac) gCOD/g rbCOD 0.15 0.15 
Non-colloidal slowly biodegradable (Fxsp) gCOD/g sbCOD 0.75 0.052 
Unbiodegradable soluble (Fus) gCOD/g TCOD 0.05 0.123 
Unbiodegradable particulate (Fup) gCOD/g TCOD 0.13 0.1854 
Ammonia (Fna) gNH3-N/gTKN 0.66 0.895 
Particulate organic nitrogen (Fnox) gN/g Organic N 0.5 0.256 
Soluble unbiodegradable TKN (Fnus) gN/gTKN 0.02 0.02 
N:COD ratio for unbiodegradable part. COD 
(FupN ) 
gN/gCOD 0.035 0.035 
Phosphate (Fpo4) gPO4-P/gTP 0.5 0.5487 
P:COD ratio for influent unbiodegradable 
part. COD (FupP ) 
gP/gCOD 0.011 0.011 
Non-poly-P heterotrophs (FZbh) gCOD/g TCOD 0.0001 0.0001 
Anoxic methanol utilizers (FZbm) gCOD/g TCOD 0.0001 0.0001 
Ammonia oxidizers (FZaob) gCOD/g TCOD 0.0001 0.0001 
Nitrite oxidizers (FZnob) gCOD/g TCOD 0.0001 0.0001 
Anaerobic ammonia oxidizers (FZamob) gCOD/g TCOD 0.0001 0.0001 
PAOs (FZbp) gCOD/g TCOD 0.0001 0.0001 
Propionic acetogens (FZbpa) gCOD/g TCOD 0.0001 0.0001 
Acetoclastic methanogens (FZbam) gCOD/g TCOD 0.0001 0.0001 
H2-utilizing methanogens (FZbhm) gCOD/g TCOD 0.0001 0.0001 
a  Default of municipal wastewater fractions   
b   Calibrated using the experimental data 
1
 Fraction of TCOD which is readily biodegradable [(soluble readily biodegradable 
complex COD (Sbsc) + soluble readily biodegradable volatile fatty acid COD (Sbsa)) / 
TCOD]  
2 Fraction of slowly biodegradable influent COD which is particulate [Slowly 
biodegradable particulate COD (Xsp) / (slowly biodegradable colloidal COD (Xsc) + 
slowly biodegradable particulate COD (Xsp))] 
3 Fraction of TCOD which is soluble Unbiodegradable [SCODeff / TCODinf]  
4 Fraction of TCOD which is particulate Unbiodegradable [calibrated using the influent 
specifier associated with the model and equal to (1- Fbs-Fus)]  
5 Fraction of influent TKN which is ammonia!
6 Fraction of influent biodegradable organic nitrogen which is particulate!
7 Fraction of influent TP which is phosphate 
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The model sums up the substrate uptake and biomass generation over the 12 
default model layers to compute the substrate and biomass flux for the biofilm in each 
cell of the reactor. Multiplication of substrate and biomass flux with the surface area in 
each cell gives the uptake for the cell. Unlikely BioWin® which requires detailed 
fractionation of COD as despites in Table 9-3, AQUIFAS® input was limited to the 
typical composite parameters i.e. BOD (total and soluble), COD (total and soluble), TSS, 
VSS, TN (total and soluble), and TP.     
Table 9- 4: Kinetic parameters used for landfill leachate in BioWin® 
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Table 10-4: inetic para eters used for landfill leachate in BioWin® 
Name [unit] Default Inputa Arrhenius 
Ammonia-Oxidizing Bacteria (AOB)    
Max. spec. growth rate [1/d] 0.90 0.90 1.072 
Substrate (NH4) half sat. [mgN/L] 0.70 0.70 1.00 
Aerobic decay rate [1/d] 0.17 0.17 1.029 
Anoxic/anaerobic decay rate [1/d] 0.08 0.08 1.029 
KiHNO2 [mmol/L] 0.005 0.005 1.00 
Nitrite-Oxidizing Bacteria (NOB)    
Max. spec. growth rate [1/d] 0.70 0.70 1.06 
Substrate (NO2) half sat. [mgN/L] 0.10 0.10 1.00 
Aerobic decay rate [1/d] 0.17 0.17 1.029 
Anoxic/anaerobic decay rate [1/d] 0.08 0.08 1.029 
KiNH3 [mmol/L] 0.075 0.075 1.00 
Ordinary Heterotrophic Organisms (OHOs)   
Max. spec. growth rate [1/d] 3.20 3.20 1.029 
Substrate half sat. [mgCOD/L] 5.00 5.00 1.00 
Anoxic growth factor [-] 0.50 0.50 1.00 
Aerobic decay [1/d] 0.62 0.62 1.029 
Anoxic/anaerobic decay [1/d] 0.30 0.30 1.029 
Hydrolysis rate (AS) [1/d] 2.10 2.10 1.029 
Hydrolysis half sat. (AS) [-] 0.06 0.06 1.00 
Anoxic hydrolysis factor [-] 0.28 0.28 1.00 
Anaerobic hydrolysis factor [-] 0.50 0.50 1.00 
Adsorption rate of colloids [L/(mgCOD d)] 0.80 0.80 1.029 
Ammonification rate [L/(mgN d)] 0.04 0.04 1.029 
Assimilative nitrate/nitrite reduction [1/d] 0.50 0.50 1.00 
Fermentation rate [1/d] 3.20 3.20 1.029 
Fermentation half sat. [mgCOD/L] 5.00 5.00 1.00 
Anaerobic growth factor (AS) [-] 0.125 0.125 1.00 
Hydrolysis rate (AD) [1/d] 0.10 0.10 1.05 
Hydrolysis half sat. (AD) [mgCOD/L] 0.15 0.15 1.00 
a  Calibrated using the experimental data 
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9.3.3 Model Implementation and Calibration 
The CFBBR was modeled using basic reactors available in BioWin® and 
AQUIFAS®, i.e. influent, unaerated media bioreactor, aerated media bioreactor, nitrate 
recirculation, clarifiers, effluent, and sludge wastage effluent as shown in Figure 9-2. The 
riser was simulated using two media bioreactors followed by three aerated media 
bioreactors as a downer and a solid-liquid separator to collect the excess biomass from 
the system. The influent enters into the riser with a downer-riser liquid and nitrate 
recirculation collected from the last downer of aerated reactor. The combined fluid flows 
from riser to the downer. Finally, the effluent from the downer goes to the downer solid-
liquid separator, shown as a clarifier, with the provision for sludge wastage. The cross 
sectional area of anoxic and aerobic reactors was considered equal to the actual cross 
sectional area of the column in the pilot-scale. To ensure proper nitrifying-denitrifying 
conditions in the CFBBR, the DO set points in the anoxic riser and aerobic downer are 
similar to those measured onsite of 0.4 mg/L and 2-3.1 mg/L, respectively.  
 
Figure 9- 2: BioWin® and AQUIFAS® schematic flow diagram of CFBBR model 
 
Lava rock particles with an average size of 600 µm were used as a carrier media 
in both the anoxic and aerobic reactor. The maximum possible surface area (SSAmax) in 
the anoxic and aerobic reactors was calculated considering zero void ratio and biofilm 
thickness of 500 µm and 120 µm diameter and a bare lava rock particles of 600 µm 
diameter as 3750 m2/m3 and 7060 m2/m3, respectively. Considering bed porosity, 
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Figure 10-1: (a) Schematic and (b) 2-D view of the pilot-scale CFBBR 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 10-2: BioWin® and AQUIFAS® schematic flow diagram of CFBBR model 
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spherical lava rock particles occupy 44% of the total reactor volume at 100% fill, 
translating into a possible surface area for the anoxic and aerobic reactors of 2100 m2/m3 
and 3950 m2/m3, respectively. Thus, the total surface area of the carrier media for the 
entire anoxic and aerobic reactors considering the compact bed was 166 m2 (2100!!!!×0.11!(!"#$!!"#!!"!!"#$%!2)×0.72!!! )! and 1080 m2  (3950!!!!!×0.38!!!"#$!!"#! !"!!"#$%!2)×0.72!!! ), respectively.  
In order to simulate the fluidization regime of CFBBR system and the change of 
biofilm thickness, the shear factor was calibrated separately in each reactor with respect 
to expanded fluidized bed by a detachment rate coefficient in BioWin® model and 
hydrodynamic shear factor (G) in AQUIFAS® as shown in Tables 9-5 and 9-6. It is 
interesting to note that the properties and the weight of the carrier media such as 
roughness, porosity, and chemical adsorption in BioWin® and AQUIFAS® models are not 
explicitly defined but implicitly as SSA, % fill, and biofilm volume fraction (BVF). 
Table 9- 5: Calibrated BioWin® parameters 
 
 
Table 9- 6: Calibrated AQUIFAS® parameters 
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Table 10-5: Calibrated Bio in® para eters  
Parameters Reactor Default Values 
Used  
Valuesa 
Detachment rate (g/m3.d)     
 Anoxic 1 8×104 8×104 
 Anoxic 2 8×104 8×104 
 Aerobic 1 8×104 2×106 
 Aerobic 2 8×104 1.8×106 
 Aerobic 3 8×104 1.8×106 
a  Calibrated using the experimental data 
 
le 10-6: Calibrate  I  ara eters  
Parameters Reactor Default Values 
Used  
Valuesa 
Hydrodynamic shear coefficient (G)     
 Anoxic 1 0-5 0.2 
 Anoxic 2 0-5 0.2 
 Aerobic 1 0-5 4 
 Aerobic 2 0-5 3 
 Aerobic 3 0-5 3 
a  Calibrated using the experimental data 
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9.4 Results and Discussion 
The CFBBR was tested and evaluated at two different loading rates, empty bed 
contact times (EBCTs), and hydraulic retention time by adjusting the influent flow rate 
from 720 L/d (Phase I) and 864 L/d (Phase II). All volumetric loadings expressed in 
Table 9-2 have been calculated based on the total CFBBR volume of 0.77 m3 comprised 
of 0.19 m3 anoxic riser, and 0.58 m3 aerobic downer. The models were first calibrated 
with phase I data and then validated for phase II. 
9.4.1 CFBBR Performance  
Two different EBCTs of 0.49 and 0.41 d were examined to optimize the organic 
removal efficiency of the CFBBR. The raw leachate characteristics depicted in Table 9-1 
reflect a COD:N:P ratio of 3:1:0.0155. The CFBBR had to meet sewer use by-law criteria 
of 350 mg TSS/L, 300 mg BOD5/L, 50 mg NH4-N, and 10 mg TP/L (Waste Discharge 
By-law, 2007). The CFBBR proved to be a reliable integrated technology for biological 
nutrient removal from landfill leachate at a low carbon to nitrogen ratio of 3:1. The 
system was operated at loading rates of 2.2-2.6 kg COD/(m3·d), 0.68-0.81 kg N/(m3·d), 
and 0.014-0.016 kg P/(m3·d). The system efficiently removed nutrients at a flow rate of 
720 L/d corresponding to an EBCT of 0.49 d and loading rate of 2.15 kg COD/m3.d, 0.68 
kg N/m3.d, and 0.014 kg P/m3.d.  
The CFBBR removed approximately 85% organic, 80% nitrogen, and 70% 
phosphorus at nutrients loading rates of 2.15 kg COD/(m3·d), 0.68 kg N/(m3·d), and 
0.014 kg P/(m3·d), as compared with 60%-70% COD and 70%-74% nitrogen removal 
efficiencies achieved by upflow anaerobic sludge blanket (UASB) and moving bed 
bioreactor (MBBR), respectively (Kettunen et al., 1996, Kettunen and Rintala, 1998, 
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Kennedy et al., 2000, Kettunen and Rintala, 1995, Horan et al., 1997, Welander et al., 
1997). The CFBBR effluent characterized by ≤35 mg SBOD/L, <35 mg NH4-N/L, <1.0 
mg PO4-P/L, and 37 mg VSS/L, as shown in Table 9-1, sufficiently met sewer use by-
law requirements for the City of London (Canada) without using any chemicals for 
phosphorus removal. Remarkably low yields of 0.15 and 0.16 gVSS/gCOD were 
observed at long biological solids retention time (SRT) of 31-38 d. Overall mass balances 
indicated COD closures of 96% and 85% in phases I and II, respectively, and alkalinity 
mass balances closed within 5%-8%, confirming data reliability.  
In order to ensure attainment of the steady-state conditions in the system, the 
suspended and attached biomass in the aerobic and anoxic columns were measured. As 
depicted in Figure 9-3, the coefficient of variation (COV) for attached biomass in the 
aerobic and anoxic columns during this study are 9% and 11%, respectively.  
 
Figure 9- 3: Temporal variation of attached biomass in the Anoxic and Aerobic reactors 
 
 
Although it is arguable that suspended VSS concentrations varied more widely, as 
reflected by COV of 13% and 18% (Figure 9-4), this process is indeed a fixed-film 
system and 99.99% of the biomass inventory in the system is in the form of attached 
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Figure 10-4: Temporal variation of the CFBBR effluent VSS concentrations. 
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biomass. Therefore, the attached biomass and biomass activity remained constant during 
the study, reflecting attainment of steady-state conditions.  
 
Figure 9- 4: Temporal variation of the CFBBR effluent VSS concentrations 
 
 
 
 
9.4.2 Model Calibration 
The models were calibrated with the experimental data at the optimum loading 
rate of the pilot-scale CFBBR of 2.2 kg COD/(m3·d), 0.68 kg N/(m3·d), and 0.014 kg 
P/(m3·d) corresponding to 720 l/d and were subsequently validated using the other set of 
experimental data at the higher loading rate of 2.6 kg COD/(m3·d), 0.81 kg N/(m3·d), and 
0.016 kg P/(m3·d). The simulations were started with the default values of the model, 
which were later adjusted to match the observed pilot-scale CFBBR results. Table 9-5 
shows the parameters adjusted during BioWin® calibration. Considering the effect of the 
perforated coarse bubble distributor in the aerobic reactor and its low oxygen transfer 
efficiency, the detachment rate was used to maintain the biofilm thickness as observed in 
the pilot-scale CFBBR system. Moreover, the percentage of the reactor occupied by the 
media was adjusted to simulate the changes in the expanded bed bioreactor. In 
AQUIFAS®, the hydrodynamic shear coefficient and the BVF defined as the fraction of 
liquid tank volume displaced by biofilm, were adjusted to simulate additional turbulence 
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in fluidized beds as shown in Table 9-6. It is noteworthy to mention that the percentage 
of the reactor fill ratio used by BioWin® considered the volume of reactor occupied by 
clean media only while the BVF ratio used by AQUIFAS® considers only the biofilm 
attached to the lava rock media.  
9.4.3 Steady-State CFBBR Model  
The steady-state CFBBR models using BioWin® and AQUIFAS® were focused 
on various aspects of process performance i.e. reactor effluent characteristics, nutrient 
removal rates, biofilm thickness, total biomass in the reactor, and process yields as well 
as the COD uptake, nitrification, and denitrification rates.  
9.4.3.1 BioWin® Model  
Table 9-7 shows a comparison between model prediction and experimental data for 
both phases using BioWin®. In phase I, the model predicted effluent NH4-N of 33.7 mg/L, 
NO3-N of 61.1 mg/L, and TKN of 46.6 mg/L compared well to observed NH4-N of 
35.4±13.1 mg/L, NO3-N of 59.9±31.1 mg/L, and TKN of 49±15 mg/L, in the pilot-scale 
CFBBR system while in phase II the model predicted effluent NH4-N of 54.7 mg/L, NO3-
N of 58.4 mg/L, and TKN of 67.3 mg/L closely matched observed NH4-N of 54.7±11.2 
mg/L, NO3-N of 63.9±10.3 mg/L, and TKN of 92±23 mg/L.  As despite in Table 9-7, the 
average percentage error (APE) in phase I, calculated as the summation of the absolute 
difference between the experimental and predicted values divided by the experimental 
values, averaged over the number of data points, revealed that the discrepancy between 
predicted and measured final effluent alkalinity, SCOD, NH4-N, NO3-N, TKN, TP, PO4-
P, and TSS was 1-10%. Comparatively, a higher APE of 20% was observed between 
simulated and measured final effluent TCOD and VSS in phase I.  
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Table 9- 7: Experimental and Simulated effluent quality 
 
In phase II, the BioWin® model overpredicted SCOD, TKN, and PO4-P by 20% 
while the other final effluent characteristics were in agreement with the experimental data. 
Furthermore, while the model overpredicted the final effluent VSS in phase I by 20%, it 
predicted the effluent VSS accurately in phase II reflecting lack of systematic prediction 
errors. Due lack of consideration of soluble microbial products (SMPs), the model 
significantly underpredicted the effluent BOD and SBOD in both phases by APE of 77% 
and 97%, respectively. However, predicted model results were within the range of the 
average plus or minus standard deviation of the effluent characteristics as shown in 
Figure 9-5. The model accurately predicted effluent soluble nutrients. The APE for the 
effluent in both phases with respect to SCOD, ammonia, nitrates, and orthophosphates 
were 20%, 5%, 6%, and 9%, respectively. In general, the predicted effluent 
characteristics by BioWin® model in both phases were in good agreement (APE<22%) 
with the experimental but the effluent BOD and SBOD were underpredicted for various 
runs by 77% to 97%. 
29 
 
Table 10-7: Experimental and Simulated effluent quality 
Parameter Influent* 
Phase I Phase II 
Simulated Exp.* Simulated
 
Exp.* BioWin AQUIFAS BioWin AQUIFAS 
pH 7.9-8.8 7 ---- 7.2-8.2 7.2 ---- 7.6-8.1 
Alkalinity** 1619±52 311 338 323±71 323 338 296±57 
COD (mg/L) 1259±77 236 174 197±46 235 203 302±98 
SCOD (mg/L) 1025±27 169 128 153±43 169 166 245±85 
NH4-N (mg/L) 360±59 33.7 35.9 35.4±13.1 54.7 56.3 54.7±11.2 
NO3-N (mg/L) 3.1±1.5 61.1 69.4 59.9±31.1 58.4 57.5 63.9±10.3 
TKN (mg/L) 392±64 46.4 36.5 49±15 67.3 69.8 92±23 
PO4-P (mg/L) 3.4±1.1 0.8 0.9 1.0±0.2 1 1 1.2±0.5 
TP (mg/L) 6.2±1.3 1.5 1.6 1.7±0.3 1.8 1.8 2.0±0.6 
TSS (mg L) 263±42 60 62 60±13 58 62 58±8 
VSS (mg/L) 156±30 45 45 37±5 44 50 44±8 
BOD (mg/L) 565±121 19 40 83±13 20 45 98±18 
SBOD (mg/L) 402±83 1 18 35±8 1.3 19 40±12 
*Average ± SD of a number of samples 8-12 with a frequency of a sample every 4 days; 
**(mg CaCO3/L) 
 
Table 10-8: Simulated results and measured parameters for nutrient removal rates 
Parameter 
Phase I Phase II 
Simulated Exp.* Simulated
 
Exp.* BioWin AQUIFAS BioWin AQUIFAS 
Anoxic COD consumption (kg/d) 0.83 0.70 0.71±0.05 0.97 0.77 0.72±0.05 
Aerobic COD consumption (kg/d) 0.08 0.18 0.08±0.05 0.10 0.29 0.15±0.05 
Yield (g VSS/g COD) 0.23 0.17 0.16±0.04 0.24 0.16 0.16±0.02 
Anoxic N removal (kg/d) 0.24 0.24 0.24±0.05 0.27 0.27 0.25±0.06 
Aerobic N removal (kg/d) 0.20 0.18 0.19±0.04 0.23 0.21 0.19±0.04 
*Average ± SD of a number of samples 8-12 with a frequency of a sample every 4 days 
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Figure 9- 5: Comparison between predicted and measured parameters for phases I and II with 
BioWin® 
 
9.4.3.2 AQUIFAS® Model  
Comparison between model prediction and experimental data using AQUIFAS® 
(Table 9-7) shows the discrepancy of 1%-13% between predicted and measured final 
effluent alkalinity, TCOD, NH4-N, NO3-N, TP, PO4-P, and TSS, while a higher APE of 
21% was observed between simulated and measured final effluent SCOD and VSS. In 
phase I, the model predicted effluent NH4-N of 35.9 mg/L and NO3-N of 69.4 mg/L 
compared to measured NH4-N of 35.4±13.1 mg/L and NO3-N of 59.9±31.1 mg/L, while 
in phase II the model predicted effluent NH4-N of 56.3 mg/L and NO3-N of 57.5 mg/L 
matched NH4-N of 54.7±11.2 mg/L and NO3-N of 63.9±10.3 mg/L. In both phases, the 
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Figure 10-5: Comparison between predicted and measured parameters for phases I and II with 
BioWin®  
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model underpredicted final effluent TKN with an APE of 24%. Moreover, the AQUIFAS 
® model in phase I predicted TCOD and SCOD within APE of 10% and 16% respectively 
whereas in phase II, underpredicted TCOD and SCOD by 32% APE, reflecting lack of 
systematic prediction errors.  
Furthermore, the AQUIFAS® predictions for BOD and SBOD in both phases 
were more accurate than BioWin® with an APE of 50%. Model- predictions were within 
the range of the average plus or minus standard deviation of the effluent characteristics as 
shown in Figure 9-6. In general, the AQUIFAS® model- predictions for all effluent 
characteristics (excluding BOD), in both phases were in good agreement (APE<19%) 
with the experimental data but the BOD and SBOD were under-predicted for various runs 
by 50%.  
The high discrepancy between the predicted and experimental BOD values by 
both the models may be due to soluble microbial products (SMPs) in the effluent. In 
fixed-film wastewater systems with longer sludge retention times, the effluent soluble 
BOD is predominantly more than effluent SBOD in suspended growth systems as a result 
of release of SMPs. None of the ASM models accounts for SMPs which is not really 
substantial in short SRT systems such as activated sludge but maybe important in long 
SRT systems such as CFBBR (Barker et al., 1999). 
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Figure 9- 6: Comparison between predicted and measured parameters for phases I and II with 
AQUIFAS® 
 
9.4.4 Simulated Biomass Yield 
Biomass yield in the pilot-scale CFBBR calculated as the sum of the net change in 
attached biomass, sludge wastage, and effluent solids divided by the total COD consumed 
in the process was 0.15 and 0.16 g VSS/g COD in phases I and II, respectively with 
overall sludge production of 146 g VSS/d and 164 g VSS/d. BioWin® predicted that 32 g 
VSS/d and 32.4 g VSS/d biomass were lost in the effluent of CFBBR system with an 
overall sludge wastage of 175 g VSS/d and 213 g VSS/d in phases I and II, respectively. 
Considering the aerobic and anoxic nutrient mass removal rates, the mean cell residence 
time, decay coefficient, and the simulated COD removal of 888 g COD/d and 1063 g 
34 
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COD/d in phases I and II, the simulated biomass yields with BioWin® were calculated as 
0.23 g VSS/g COD and 0.24 g VSS/g COD in phase I and II, respectively which are 
approximately 50% higher than those observed experimentally.  
As reported in Table 9-8, for AQUIFAS®, considering the effluent biomass of 32 
g VSS/d and 46 g VSS/d and sludge production of 132 g VSS/d and 133 g VSS/d with a 
COD removal of 930 g COD/d and 1109 g COD/d in phases I and II, respectively leads to 
a simulated biomass yield of 0.17 g VSS/g COD and 0.16 g VSS/g COD in phases I and 
II, respectively, approximately 6% (on average) higher than experimental. AQUIFAS® 
biomass yields were thus much closer to the observed yields than BioWin®. 
Table 9- 8: Simulated results and measured parameters for nutrient removal rates 
 
Although the predicted aerobic and anoxic attached biomass thicknesses of 160-
200 and 500-580 µm respectively using BioWin® and AQUIFAS® were in close 
agreement with the experimental values of 120 and 600 µm in anoxic and aerobic, the 
total biomass in both models was underpredicted by 20% and 33% in phase I and II, 
respectively. In phase I, the total biomass using BioWin® in the anoxic and aerobic 
reactors was 1371 g VSS and 1886 g VSS, compared to measured of 2037 g VSS and 
2505 g VSS, respectively, while in phase II model biomass was 1471 g VSS and 2057 g 
VSS, versus experimental anoxic and aerobic biomass of 2337 g VSS and 3081 g VSS, 
respectively with an APE of 30%. The total anoxic and aerobic biomass in phase I using 
29 
 
Table 10-7: Experimental and Simulated effluent quality 
Parameter Influent* 
Phase I Phase II 
Simulated Exp.* Simulated
 
Exp.* BioWin AQUIFAS BioWin AQUIFAS 
pH 7.9-8.8 7 ---- 7.2-8.2 7.2 ---- 7.6-8.1 
Alkalinity** 1619±52 311 338 323±71 323 338 296±57 
COD (mg/L) 1259±77 236 174 197±46 235 203 302±98 
SCOD (mg/L) 1025±27 169 128 153±43 169 166 245±85 
NH4-N (mg/L) 360±59 33.7 35.9 35.4±13.1 54.7 56.3 54.7±11.2 
NO3-N (mg/L) 3.1±1.5 61.1 69.4 59.9±31.1 58.4 57.5 63.9±10.3 
TKN (mg/L) 392±64 46.4 36.5 49±15 67.3 69.8 92±23 
PO4-P (mg/L) 3.4±1.1 0.8 0.9 1.0±0.2 1 1 1.2±0.5 
TP (mg/L) 6.2±1.3 1.5 1.6 1.7±0.3 1.8 1.8 2.0±0.6 
TSS (mg L) 263±42 60 62 60±13 58 62 58±8 
VSS (mg/L) 156±30 45 45 37±5 44 50 44±8 
BOD (mg/L) 565±121 19 40 83±13 20 45 98±18 
SBOD (mg/L) 402±83 1 18 35±8 1.3 19 40±12 
*Average ± SD of a number of samples 8-12 with a frequency of a sample every 4 days; 
**(mg CaCO3/L) 
 
Table 10-8: Simulated results and measured parameters for nutrient re oval rates 
Parameter 
Phase I Phase II 
Simulated Exp.* Simulated
 
Exp.* BioWin AQUIFAS BioWin AQUIFAS 
Anoxic COD consumption (kg/d) 0.83 0.70 0.71±0.05 0.97 0.77 0.72±0.05 
Aerobic COD consumption (kg/d) 0.08 0.18 0.08±0.05 0.10 0.29 0.15±0.05 
Yield (g VSS/g COD) 0.23 0.17 0.16±0.04 0.24 0.16 0.16±0.02 
Anoxic N removal (kg/d) 0.24 0.24 0.24±0.05 0.27 0.27 0.25±0.06 
Aerobic N removal (kg/d) 0.20 0.18 0.19±0.04 0.23 0.21 0.19±0.04 
*Average ± SD of a number of samples 8-12 with a frequency of a sample every 4 days 
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AQUIFAS® was 1801 g VSS and 1882 g VSS, compared to anoxic and aerobic biomass 
of 2057 g VSS and 2505 g VSS, respectively while in phase II biomass was 1984 g VSS 
and 2004 g VSS as compared to anoxic and aerobic biomass of 2337 g VSS and 3081 g 
VSS, respectively with an APE of 20%. 
Both models ignore the accumulation of the influent nonbiodegradable VSS 
(nbVSS) in the system, which is usually about 10% (Metcalf and Eddy, 2003) translating 
to 16 g nbVSS/d in phases I and II or a total of 1472 g nbVSS over the 92 day study 
duration.    
9.4.5 Nutrient Uptake Rates 
Anoxic COD removal by AQUIFAS® in phases I and II (Table 9-8) were close to 
the experimental data with an APE of 1.4% and 7% respectively whereas BioWin® 
overpredicted COD removal values by an APE of 17% and 35% respectively. However, 
aerobic COD consumption predicted by BioWin® with APE of 0% and 33% in phases I 
and II were much more precise than aerobic COD removal simulated by AQUIFAS®. 
Nitrification and denitrification rates of 0.24-0.27 kg N/d and 0.2-0.23 kg N/d, 
respectively, predicted by BioWin® were comparable with the observed nitrification and 
denitrification rates, estimated from the amount of nitrogen nitrified and denitrified. 
AQUIFAS® nitrification and denitrification rates in phases I and II were in close 
agreement with the experimental data within APE of 0-10%.  
As mentioned previously, the biomass yield predicted by BioWin® was 50% 
higher than measured due to shorter simulated SRTs of 15.7 d and 14 d in phases I and II 
respectively. In AQUIFAS®, the biomass yield predicted in the model was in close 
agreement with the observed experimental yield with an APE of 6%. AQUIFAS® 
predicted SRTs of 22 d and 20 d compared to measured (based on VSS) of 38 d and 31 d 
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in phases I and II respectively. The SRT predicted by BioWin® and AQUIFAS® is based 
on the biomass only i.e. ignores accumulation of nonbiodegradable influent VSS. 
Considering the specific nitrification rate (SNR) and specific denitrification rate (SDNR) 
of the attached and detached biomass of 0.14 gNH4-N/gVSS.d, 0.19 gNO3-N/gVSS.d, 
1.57 gNH4-N/gVSS.d, and 1.57 gNO3-N/gVSS.d demonstrates that the established active 
SRT was 18 d in both phases compared to overall SRT of 38 d and 31 d in phase I and II, 
respectively.    
As shown in Figure 9-5, the predicted orthophosphate and TP by BioWin® 
matched those measured with an APE of 10% in both phases. AQUIFAS® also predicted 
orthophosphate and TP well with an APE of 10%. Phosphorous removal by both models 
was predominantly governed by biomass assimilation accounting for 70% of phosphorus 
removal based on the 2% phosphorous content of sludge produced.      
9.5 Summary and Conclusions 
Comparison between the calibrated BioWin® and AQUIFAS® models and the 
experimental data from the pilot-scale CFBBR shows that the modeling of landfill 
leachate along with attached growth systems was challenging due to the complex 
hydrodynamics involving changing biofilm thicknesses, varying detachment and attrition 
rates, and the complexity of leachate characteristics with C/N ratio of 3:1, TCOD/VSS 
ratio of 8:1 and TBOD/TCOD of 0.44. 
BioWin® and AQUIFAS® predicted the soluble parameters with an APE of 10%. 
However, effluent SBOD and BOD were predominately underpredicted due to soluble 
microbial products (SMPs) in the effluent as a result of long SRTs in the CFBBR. 
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AQUIFAS® predicted the total biomass and biomass yield as well as the anoxic 
COD, anoxic N, and aerobic N removal rates in the CFBBR systems more accurately 
than BioWin®. BioWin® which predicted more accurately aerobic COD uptake. The 
challenges faced during the modeling by BioWin® and AQUIFAS® were: 
• The influent specifier associated with BioWin® was only limited for municipal 
wastewater simulation only whereas the AQUIFAS® has no influent specifier and 
the influent characteristics were adjusted in the model.  
• The biomass detachment rates in a fixed-film system cannot be controlled by 
setting a desired SRT in the entire system.  
• Although the media fill and SSA in the reactor can be adjusted, the models do not 
provide the users with the weight of media which is essential for system design. 
• Each column can be only aerobic, anoxic or anaerobic whereas in real fixed-film 
systems biofilms perform differently throughout the inner layers. As a result 
simultaneous nitrification and denitrification which may occur in the same reactor 
cannot be simulated by any of the two models. 
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CHAPTER  10  
DEVELOPMENT OF A CALIBRATION PROTOCOL AND 
IDENTIFICATION OF THE MOST SENSITIVE 
PARAMETERS FOR THE PARTICULATE BIOFILM 
MODELS USED IN BIOLOGICAL WASTEWATER 
TREATMENT* 
10.1 Introduction 
During the last few years, there has been renewed interest in attached growth 
biological treatment processes, which prove to be economic and efficient. Along with the 
growing interest in attached (biofilm) treatment processes, there have been also numerous 
efforts towards their numerical analysis and biofilm modeling studies. Five mathematical 
classes, characterized by a mixed culture and biofilm models, have been published and 
presented as: analytical (A), pseudo analytical (PA) (Wanner et al., 1996), one-
dimensional numerical (1-D) (Wanner et al., 2006), two-dimensional numerical (2-D) 
(Boltz et al., 2010), and three-dimensional numerical (3-D) (Xavier et al., 2005). These 
models vary in complexity from simple analytical models to multi-dimensional dynamic 
models. For engineering design and analysis, a balance between the simplified and 
complex mechanistic approach is required. Hence, one-dimensional fully dynamic and 
steady-state simulation models are widely used and implemented in contemporary 
simulation software (Wanner and Gujer, 1984, Wanner, 1986, Wanner et al., 1996, 
Xavier et al., 2005, Boltz et al., 2010). The biofilm models are available in several user-
                                                
 
* A version of this chapter has been published in Bioresource Technology, 2012, 111, 111-121 
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friendly forms such as Simba® (Ifak GmbH, Magdeburg, Germany), AQUASIM® 
(EAWAG, Switzerland), EFOR® (DHI Inc., Denmark), BioWin® (Envirosim Associates 
Ltd., Burlington, ON), GPS-X® (Hydromantis Inc., Hamilton, ON), AQUIFAS® 
(Aquaregen, Mountain View, CA), Pro-2D® (CH2M HILL, Inc., Colorado, US), 
STOAT® (WRc, Wiltshire, England), WEST® (Mostforwater, Belgium), and TRIFL® 
(Penn State University, Pennsylvania, USA). Amongst them, Pro-2D®, WEST®,  and 
TRIFL® model the biofilm as a homogeneous layer while the other models the biofilm as 
a heterogeneous biofilm layers, which gives the biofilm model a higher level of accuracy 
(Boltz et al., 2010, Eldyasti et al., 2011). 
In order to successfully apply these simulation packages to a biological system, 
calibration of the model is absolutely necessary. Peterson et al. (2002) defined the model 
calibration as the adaptation of the model to fit a certain set of information obtained from 
a practical wastewater treatment plant. A methodology of the Activated Sludge Models 
(ASMs) calibration procedures has been defined by a number of researchers: “ASMs 
calibration protocol” developed by Peterson et al. (2002), “STOWA calibration protocol” 
developed by Dutch Foundation of Applied Water Research (Hulsbeek et al., 2002), 
“BioMath-calibration protocol” developed by Vanrollegham et al. (2003), and 
“Hochschulgruppe (HSG) protocol” developed by Langergraber et al. (2004). Thus, 
calibration of ASMs have been successfully applied both in research and practice, and 
serves as the benchmark for new or expanded activated sludge models (Boltz et al., 2010).  
Attached growth reactor (AGR) mathematical modeling is more complicated than 
suspended growth reactor (SGR) due to: (a) increased complexity in describing the 
pollutant biodegradation rate in the biofilm, which in turn depends on the intrinsic 
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microbial degradation and growth kinetics in the biofilm, (b) the bioreactor 
hydrodynamic characteristics including the flow pattern and the impact of bulk-liquid 
hydrodynamics, voidage, pressure and filling factor, (c) liquid-solid mixing states, (d) 
varying detachment and attrition rates, and (e) boundary layer mass transfer, and bioﬁlm 
diffusional resistances and mass transfer (Nicolella et al., 2000, Boltz et al., 2010). 
Therefore, calibration of the biofilm models is significantly more intricate than SGR. A 
comprehensive literature review of biofilm modeling, calibration protocol, and 
calibration approach demonstrated that there are no readily available complete calibration 
protocols for biofilm reactors. The existing calibration protocols have been developed for 
the ASM model only and cannot be applied for biofilm model (Boltz et al., 2010, WEF, 
2011).  
Thus, the primary goal of this work was to develop a calibration protocol for the 
particulate biofilm model with the help of the sensitivity analysis in BioWin® software 
and verify the predictability of the calibration protocol. A case study of the patented 
circulating fluidized bed bioreactor (CFBBR) system used for biological nutrient removal 
(BNR) from municipal wastewater (Nakhla et al. 2004, Chowdhury et al., 2010), with 
biofilm stoichiometry and kinetics derived from a fluidized bed respirometric study 
(Chowdhury et al., 2011) was adopted for validation of the proposed calibration protocol.  
10.2 Materials and methods 
10.2.1 Experimental Data 
10.2.1.1  Pilot-Scale of Circulating Fluidized Bed Bioreactor  
The experimental data obtained from a pilot-scale CFBBR operated for 255 days 
to treat municipal wastewater (MWW) at the Adelaide Pollution Control Plant, London, 
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Ontario, Canada was used to calibrate and validate the biofilm model implemented in 
BioWin®. The pilot-scale facility was developed based on the laboratory-scale experience 
reported by Chowdhury et al. (2008).  
 
Figure 10- 1: (a) Schematic diagram of CFBBR, (b) 2-D view of the pilot-scale CFBBR, (c) 
Bioparticles distribution in the CFBBR system,  (d) BioWin® schematic flow diagram of CFBBR 
model 
 
The pilot-scale CFBBR consists of an anoxic compartment (riser) followed by 
aerobic compartment (downer) and recirculation lines between downer and riser as 
shown in Figures 10-1a and b. Table 10-1 illustrates the municipal wastewater, 
characterized predominantly by carbon to nitrogen ratio of 8:1, total chemical oxygen 
demand to volatile suspended solids (TCOD/VSS) ratio of 2:1 and total Biochemical 
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Figure 11-1: (a) Schematic diagram of CFBBR, (b) 2-D view of the pilot-scale CFBBR, 
(c) Bioparticles distribution in the CFBBR system,  (d) BioWin® schematic flow diagram 
of CFBBR model 
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oxygen demand to total chemical oxygen demand (TBOD/TCOD) of 0.65. Table 10-2 
shows the detailed operational conditions and reactor design parameters of the CFBBR, 
further details of the reactor and operational conditions are presented elsewhere 
(Chowdhury et al., 2008, Eldyasti et al., 2010). 
Table 10- 1: Influent and effluent characteristics at different phases 
 
 
10.2.1.1 Biofilm Support Media (Bioparticles) 
Lava rock particles with an average diameter of 600 µm (300-850 µm) were used 
as the carrier media (bioparticles) for biofilm attachment in the CFBBR. The particle 
porosity was about 33% and the total porosity (particle porosity and voids between 
particles) was 61%. The bulk density (considering packed media filled with water) of 
particles was approximately 1720 kg/m3, with true density (the ratio of sample mass to its 
true volume) of 2560 kg/m3 and a high specific surface area of 10,950 m2/m3. The 
CFBBR was started with 125 and 421 kg of fresh lava rock particles with the 
corresponding compact bed volumes of 80 L and 277 L in the riser and the downer 
respectively.  
1 
Table 11-1a: Influent and effluent characteristics at different phases 
Parameter Phase I Phase II Phase III Phase IV Influent* Effluent* Influent* Effluent* Influent* Effluent* Influent* Effluent* 
pH 6.6-7.1 6.9-7.3 6.6-7.2 6.9-7.2 6.6-7.1 7.0-7.4 6.5-7.1 6.8-7.2 
Alkalinity** 223±17 89±23 245±29 116±12 292±39 75±38 253±19 79±24 
COD (mg/L) 332±42 26±3 349±38 39±8 578±39 41±14 496±152 45±7 
SCOD (mg/L) 71±14 13±4 100±16 15±4 192±82 20±8 117±23 23±5 
NH4-N (mg/L ) 22.1±5.2 0.6±0.5 24.6±2.9 0.9±0.3 35.2±8 0.9±0.6 25.8±1.1 3.9±0.9 
NO3-N (mg/L) 0.4±0.6 3.6±1.2 0.4±0.1 4.7±1.3 <0.06 5.4±1.3 0.4±0.1 2.8±0.6 
TKN (mg/L) 39.7±10.5 2.5±0.4 40.5±3.5 3±0.6 60.2±11 2.3±0.6 54.9±9.1 6.7±1.2 
TN (mg/L) 40.3±10.5 6.2±1.1 42.1±9.5 7.6±1.3 61.5±14 7.7±0.8 55.8±10.3 9.8±1.2 
PO4-P (mg/L) 2.2±0.9 0.7±0.1 1.9±0.4 0.5±0.1 3.7±2.9 1.3±0.4 2.3±0.2 0.6±0.2 
TP (mg/L) 4.9±1.0 1.0±0.1 4.2±0.8 1.2±0.2 5.2±4 0.7±0.2 5.9±0.6 1.2±0.4 
TSS (mg/L) 217±27 11±2 219±26 22±6 443±11 41±20 443±17 27±6 
VSS (mg/L) 174±28 9±2 171±23 16±5 339±19 22±11 315±11 21±6 
BOD (mg/L) 217±18 16±5 211±28 19±3 321±26 21±8 352±89 23±3 
SBOD (mg/L) 51±5 3±1 69±11 4±2 97±55 7±2 88±15 7±2 
C:N:P 8.2:1:0.1 8.3:1:0.1 9.6:1:0.2 9.8:1:0.1 
*Average ± SD (number of samples, 20) with a frequency of a sample every 3 days; ** (mg CaCO3/L) 
 
Table 11-1b: Operating conditions 
 Phase I Phase II Phase III Phase IV 
Influent flow, Qin (L/d) 2880±140 4320±140 5000±140 5800±140 
Average organic loading (kg COD/(m3·d)) 1.55 2.26 4.33 4.12 
Average nitrogen loading (kg N/(m3·d))  0.17 0.26 0.45 0.49 
Average phosphorus loading (kg P/m3·d)) 0.018 0.024 0.09 0.051 
R-R recirculation ratio (Qr-r/Qin) 15.5 10.3 8.9 7.7 
D-R recirculation ratio (Qd-r/Qin) 7.7 5.2 4.4 3.9 
D-D recirculation ratio (Qd-d/Qin) 17.3 11.5 10 8.7 
EBCT (h)*                                                                               Anoxic                                                                 
Aerobic 
0.67
2.3 
0.45 
1.4 
0.39 
1.30 
0.34 
1.2 
Nominal HRT (h)**                                      Anoxic                                                                  
Aerobic 
0.45
1.58 
0.31
1.05 
0.27 
0.99 
0.23 
0.79 
Avg. attached biomass (mg VSS/g 
lava rock)                                                                      
Anoxic                                                                  
Aerobic 
15.11
7.55 
15.51
7.62 
16.01 
7.77 
16.12 
7.85 
Biomass (g VSS)                                          Anoxic                                                           
Aerobic 
1828.3
3201.2 
1876.7 
3230.9 
1879.4 
3236.4 
1886.4 
3243.6 
Food/microorganisms ratio (g COD/(g VSS·d))                                       0.26 0.30 0.46 0.55 
Detachment rates (1/d)                  Anoxic                                                 
Aerobic 
0.129a 
0.081a 
0.149 
0.093 
0.152 
0.092 
0.168 
0.091 
Estimated SRT (d)                        Anoxic                                                
Aerobic 
Ov rall 
15 
24 
39 
12
20 
32 
9 
14 
23 
8 
12 
20 
Run time (d) 44 58 120 33 
*EBCT = Vcompact/Q; **Nominal HRT = EBCT × (1- compact bed porosity) 
a mMX
QXbratesDetachment 1' )( =
 
b SRT!"#$%& = SRT!"#$% !!"#$%&!!"#$%&!!"#$%&'!!"#$%&'!!!"#$%&!!"#$%& 
c!SRT!"#$% = !!"#$%&'!!"#$%&'!!!!"#$%!!"#$%&!!""#$!%&!!""!""!!!"#$"%&   
Chapter 10. Calibration Protocol for Particulate Biofilm model   258 
 
25
8 
25
Table 10- 2: Operating conditions 
 
 
The amount of bioparticles was determined considering the observed nitrification-
denitrification rates of 0.14 g N/ (g VSS·d) and 0.24 g N/(g VSS·d) respectively and 
attached biomass of 5-20 mg VSS/g lava rock in the lab-study (Chowdhury et al., 2008, 
Chowdhury et al., 2010). The observed attached biofilm thicknesses on the aerobic and 
anoxic bioparticles in the pilot-study were 60-190 and 500-700 µm, respectively. 
Biofilm-coated particles were periodically taken from sampling ports along the columns 
for the purpose of measuring the biofilm thickness. The sampling was done by using a 
syringe at the same pressure inside each column to minimize disturbances to the biofilm 
structure, further details of the bioparticles sampling and measurement are presented 
elsewhere (Chowdhury et al., 2008, Eldyasti et al., 2010). The maximum possible surface 
1 
Table 11-1a: Influent and effluent characteristics at different phases 
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NH4-N (mg/L ) 22.1±5.2 0.6±0.5 24.6±2.9 0.9±0.3 35.2±8 0.9±0.6 25.8±1.1 3.9±0.9 
NO3-N (mg/L) 0.4±0.6 3.6±1.2 0.4±0.1 4.7±1.3 <0.06 5.4±1.3 0.4±0.1 2.8±0.6 
TKN (mg/L) 39.7±10.5 2.5±0.4 40.5±3.5 3±0.6 60.2±11 2.3±0.6 54.9±9.1 6.7±1.2 
TN (mg/L) 40.3±10.5 6.2±1.1 42.1±9.5 7.6±1.3 61.5±14 7.7±0.8 55.8±10.3 9.8±1.2 
PO4-P (mg/L) 2.2±0.9 0.7±0.1 1.9±0.4 0.5±0.1 3.7±2.9 1.3±0.4 2.3±0.2 0.6±0.2 
TP (mg/L) 4.9±1.0 1.0±0.1 4.2±0.8 1.2±0.2 5.2±4 0.7±0.2 5.9±0.6 1.2±0.4 
TSS (mg/L) 217±27 11±2 219±26 22±6 443±11 41±20 443±17 27±6 
VSS (mg/L) 174±28 9±2 171±23 16±5 339±19 22±11 315±11 21±6 
BOD (mg/L) 217±18 16±5 211±28 19±3 321±26 21±8 352±89 23±3 
SBOD (mg/L) 51±5 3±1 69±11 4±2 97±55 7±2 88±15 7±2 
C:N:P 8.2:1:0.1 8.3:1:0.1 9.6:1:0.2 9.8:1:0.1 
*Average ± SD (number of samples, 20) with a frequency of a sample every 3 days; ** (mg CaCO3/L) 
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 Phase I Phase II Phase III Phase IV 
Influent flow, Qin (L/d) 2880±140 4320±140 5000±140 5800±140 
Average organic loading (kg COD/(m3·d)) 1.55 2.26 4.33 4.12 
Average nitrogen loading (kg N/(m3·d))  0.17 0.26 0.45 0.49 
Average phosphorus loading (kg P/m3·d)) 0.018 0.024 0.09 0.051 
R-R recirculation ratio (Qr-r/Qin) 15.5 10.3 8.9 7.7 
D-R recirculation ratio (Qd-r/Qin) 7.7 5.2 4.4 3.9 
D-D recirculation ratio (Qd-d/Qin) 17.3 11.5 10 8.7 
EBCT (h)*                                                                               Anoxic                                                                 
Aerobic 
0.67
2.3 
0.45 
1.4 
0.39 
1.30 
0.34 
1.2 
Nominal HRT (h)**                                      Anoxic                                                                  
Aerobic 
0.45
1.58 
0.31
1.05 
0.27 
0.99 
0.23 
0.79 
Avg. attached biomass (mg VSS/g 
lava rock)                                                                      
Anoxic                                                                  
Aerobic 
15.11
7.55 
15.51
7.62 
16.01 
7.77 
16.12 
7.85 
Biomass (g VSS)                                          Anoxic                                                           
Aerobic 
1828.3
3201.2 
1876.7 
3230.9 
1879.4 
3236.4 
1886.4 
3243.6 
Food/microorganisms ratio (g COD/(g VSS·d))                                         0.26 0.30 0.46 0.55 
Detachment rates (1/d)                  Anoxic                                                 
Aerobic 
0.129a 
0.081a 
0.149 
0.093 
0.152 
0.092 
0.168 
0.091 
Estimated SRT (d)                        Anoxic                                                
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Overall 
15 
24 
39 
12
20 
32 
9 
14 
23 
8 
12 
20 
Run time (d) 44 58 120 33 
*EBCT = Vcompact/Q; **Nominal HRT = EBCT × (1- compact bed porosity) 
a mMX
QXbratesDetachment 1' )( =
 
b SRT!"#$%& = SRT!"#$% !!"#$%&!!"#$%&!!"#$%&'!!"#$%&'!!!"#$%&!!"#$%& 
c!SRT!"#$% = !!"#$%&'!!"#$%&'!!!!"#$%!!"#$%&!!""#$!%&!!""!""!!!"#$"%&   
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area (SSAmax) in the anoxic and aerobic reactors was calculated considering zero void 
ratio and biofilm thickness of 500 µm and 120 µm diameter and a bare lava rock particles 
of 600 µm diameter as 3750 m2/m3 and 7060 m2/m3, respectively. Considering bed 
voidage (ε), spherical lava rock particles occupy 44% of the total reactor volume, 
translating into a possible surface area for the anoxic and aerobic reactors of 2100- 3113 
m2/m3 and 3318-6989 m2/m3, respectively as shown in Figure 10-1c. Thus, the total 
surface area (TSA) of the carrier media for the entire anoxic and aerobic reactors 
considering the compact bed was 170 m2 and 1070 m2, respectively calculated as shown 
in Equation (10.1).  Total!Surface!Area! TSA = SSA!"#×(1− ε)×EBCT×Q………Equation (10.1) 
10.2.1.1.1 Respirometry Study 
A new respirometric approach has been developed by Nakhla and coworkers 
(Chowdhury et al., 2011) to determine heterotrophic biofilm kinetics of particulate 
bioreactors employing liquid recirculation for particle fluidization were used to determine 
the biofilm kinetics and stoichiometry. The modified respirometry successfully estimated 
in-situ biofilm kinetics of the circulating fluidized bed bioreactors (CFBBR) as presented 
elsewhere (Chowdhury et al., 2011). The observed maximum specific growth rate (µmax) 
of 3.69±0.44 1/d, biomass true yield (YH) of 0.36±0.03 g COD/g COD, and endogenous 
decay coefficient (b) of 0.26 1/d in the fluidized bed respirometers reported by this study 
were used in this calibration protocol (Chowdhury et al. 2010). The µmax was determined 
using the application of Equation (10.2) (Kappeler and Gujer, 1992) where b is 
endogenous decay coefficient, while YH was obtained using Equation (10.3) (Orhon et al., 
1995), estimated from oxygen consumption (ΔO2) vs. SCOD reduction (ΔSCOD).     
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10.2.2 Biofilm Model 
BioWin® (3.0) developed by Envirosim Associates Ltd. (Burlington, ON, Canada) 
was used to apply the proposed calibration protocol for the CFBBR system as an example 
of particulate biofilm reactors.  
The influent characteristics of the municipal wastewater, simulated using the 
influent specifier associated with BioWin®, revealed the carbonaceous and nutrient 
fractions according to the biodegradable and nonbiodegradable organic matter in the 
influent wastewater.  
Some of these fractions are expansive and cannot be measured frequently and are 
calibrated as a function of carbonaceous and filtered BOD, total suspended solids (TSS), 
and VSS concentrations using nonbiodegradable particulate chemical oxygen demand 
(COD) fraction (Fup) with a range of (0-1) along with the particulate biodegradable 
fraction of slowly biodegradable COD (Fxsp) with a range of (0-1) and its relationships 
estimated in the influent wastewater as summarized in Table 10-3. In phase III for 
example, the unbiodegradable particulate (Fup) and non-colloidal slowly biodegradable 
(Fxsp) were adjusted to 0.1 gCOD/gTCOD and 0.8 gCOD/gsbCOD, respectively.  
Table 10-4 illustrating the simulated characterization compared to the 
experimental influent characterization for calibrated phase (phase III) confirms the 
validity of the specified of various organic and nutrient fractions.  
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Table 10- 3: Carbonaceous and nutrient fraction estimated for wastewater and assumed for 
municipal wastewater in BioWin® 
 
 
Table 10- 4: Experimental and input wastewater influent characteristics used in BioWin® 
 
2 
Table 11-2a: Carbonaceous and nutrient fraction estimated for wastewater and assumed for municipal wastewater in 
BioWin® 
Fraction (abbreviation) Unit Default valuea 
Input valueb 
P I P II P III P IV 
Readily biodegradable (Fbs ) gCOD/g TCOD 0.16 0.179 0.248 0.31! 0.193 
Acetate (Fac) gCOD/g rbCOD 0.15 0.000 0.000 0.0! 0.000 
Non-colloidal slowly biodegradable (Fxsp) gCOD/g sbCOD 0.75 0.580 0.700 0.82! 0.600 
Unbiodegradable soluble (Fus) gCOD/g TCOD 0.05 0.035 0.039 0.0323! 0.043 
Unbiodegradable particulate (Fup) gCOD/g TCOD 0.13 0.100 0.100 0.14! 0.050 
Ammonia (Fna) gNH3-N/gTKN 0.66 0.557 0.607 0.5855! 0.469 
Particulate organic nitrogen (Fnox) gN/g Organic N 0.5 0.250 0.250 0.256! 0.250 
Soluble unbiodegradable TKN (Fnus) gN/gTKN 0.02 0.020 0.020 0.02! 0.020 
N:COD ratio for unbiodegradable part. COD 
(FupN ) 
gN/gCOD 0.035 0.035 0.035 0.035! 0.035 
Phosphate (Fpo4) gPO4-P/gTP 0.5 0.449 0.452 0.7977! 0.390 
P:COD ratio for influent unbiodegradable part. 
COD (FupP ) 
gP/gCOD 0.011 0.011 0.011 0.011! 0.011 
a  Default of municipal wastewater fractions   
b   Calibrated using the experimental data 
1 Fraction of TCOD which is readily biodegradable ((Soluble readily biodegradable complex COD (Sbsc) + Soluble readily 
biodegradable volatile fatty acid COD (Sbsa)) / TCOD)  
2 Fraction of slowly biodegradable influent COD which is particulate (Slowly biodegradable particulate COD (Xsp) / (Slowly 
biodegradable colloidal COD (Xsc) + Slowly biodegradable particulate COD (Xsp))) 
3 Fraction of TCOD which is soluble Unbiodegradable (SCODeff / TCODinf)  
4 Fraction of TCOD which is particulate Unbiodegradable (calibrated using the influent specifier associated with the model and 
equal to (1- Fbs-Fus))  
5 Fraction of influent TKN which is ammonia!
6 Fraction of influent biodegradable organic nitrogen which is particulate!
7 Fraction of influent TP which is phosphate 
 
Table 11-2b: Experimental and input wastewater influent characteristics used in BioWin® 
Parameter Experimental influent characteristics* 
BioWin® model influent characteristics 
for the calibrated phase (III)** 
pH 6.6-7.1 7 
Alkalinity+ 292 ± 39 292 
COD (mg/L) 578 ± 39 578 
SCOD (mg/L) 192 ± 82 258++ 
NH4-N (mg/L ) 35.2± 8 35.2 
NO3-N (mg/L) <0.06 0.4 
TKN (mg/L) 60.2± 11 60.2 
TN (mg/L) 61.5± 14 60.6 
PO4-P (mg/L) 3.7± 2.9 4.7 
TP (mg/L) 5.2± 4 5.9 
TSS (mg L) 443 ± 11 304++ 
VSS (mg/L) 339 ± 19 200++ 
BOD (mg/L) 321 ± 26 307++ 
SBOD (mg/L) 97± 55 169++ 
*Average ± SD of 20 samples with a frequency of a sample every 3 days 
** According to the influent specifier associated with BioWin® for carbonaceous and nutrient fraction  
+(mg CaCO3/L) 
++ Significantly different from experimental data but representing the best match for all other parameters and acceptable based 
on the BioWin® influent specifier  
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10.2.3 Biofilm Calibration Protocol  
Biofilm calibration for particulate biofilm systems is composed of five stages as 
shown in Figure 10-2, including definition of objectives, layout and data collection, data 
analysis, model running and calibration, and sensitivity analysis.  
 
Figure 10- 2: Calibration protocol for the particulate biofilm reactors 
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It is noteworthy that some of the biofilm calibration protocol stages proposed in 
this work have been used for the ASMs calibration protocols proposed by Peterson et al., 
2002, Hulsbeek et al., 2002, Vanrollegham et al., 2003, and Langergraber et al., 2004. 
The details of the proposed calibration protocol for three thematic applications are 
summarized in the following sections. 
 
10.2.3.1 Stage I: Definition of Objectives 
Three main objectives are used for this purpose: educational (research), 
simulation/optimization, and retrofitting purposes as shown in Figure 10-2. This stage is 
very important for calibration and defines the main theme. For educational and research 
purposes, the biofilm model is used to understand and design a research plan for the 
biofilm lab-scale system. Different scenarios can be evaluated using the biofilm model 
(e.g. study the effect of solids retention time (SRT), temperature, biofilm kinetics/ 
stoichiometry, and mass transfer effect on the BNR performance) in order to establish a 
biofilm system and validate the model predictions.  
For simulation/optimization theme, a biofilm model is developed to simulate an 
experimental biofilm system data and used to optimize and control a biofilm system with 
dynamic changes of the influent characteristics to simulate shock loadings while for the 
design/retrofitting theme, the biofilm model is used to study the viability of applying the 
particulate biofilm approach in a new/existing activated sludge reactors and estimate the 
bioparticle system requirements i.e. size of reactors, aeration requirement, weight of 
media, nitrate recycle, and external carbon source.  
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10.2.3.2 Stage II: Layout and Data Collection 
The layout and data collection is the most important step in a biofilm model. 
Layout information, as defined in the “BIOMATH” calibration protocol for SGR, 
consists of a general plant layout and configuration, compartments/process units, 
volume/area/depth, water and sludge lines, installed capacities, pumps, aerators, and 
hydraulic layout (Vanrolleghem et al., 2003). Additionally in a biofilm model, 
bioparticles and media properties are included in the main layout information.   
For the educational purpose, the typical layout of the biofilm system i.e. influent, 
unaerated media bioreactor, aerated media bioreactor, nitrate recirculation, clarifiers, 
effluent, and sludge wastage effluent, are used to understand the biofilm model. 
Calibration data for this purpose can be obtained from the literature along with an 
evaluation step of the biofilm reactor performance. For example, the influent and effluent 
characteristics, bioreactor details, and sludge wastage data of a moving bed bioreactor 
(MBBR) can be used to establish a research plan of such a system.   
In simulation and optimization theme, the biofilm model configuration, 
simulating the existing treatment processes, is calibrated using operational data. 
Generally, a detailed layout of the biofilm system is a crucial step of a simulation study. 
Identification of these basic configurations is carried out by gathering information on: 
operational data, hydrodynamic data, biofilm kinetics and stoichiometry, and 
performance data. Operational data is defined as main and recycle flow rate, reactor 
volume and hydraulic retention time (HRT). Particulate biofilm attached growth systems 
are dependent on solids holdup and mixing regimes. Thus, information on hydrodynamic 
data (i.e. voidage, pressure, fill factor, SSA, and specific surface volume (SSV)) and axial 
solid-liquid distribution is crucial for reactor design and optimization (Nicolella et al., 
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2000). In this calibration protocol, a hydrodynamic profile of biofilm reactor is defined 
by determination of the pressure gradient, using on-line pressure transducers data along 
the bioparticles reactors in order to calculate the fill factor of the bioparticles using axial 
void fraction (ε), solids hold-up (εS), and solids concentrations (M/AL) as shown in 
Equations (10.4, 10.5, and 10.6) (Epstein, 2003).  
gLp PS ×−×−×=Δ− )()1( ρρε ………………. Equation (10.4) 
                     εε −=1S …………………………….. Equation (10.5) 
               
)1( ερ −×= PAL
M ………………………… Equation (10.6) 
where, L, A, g, ΔpS, ρ, and ρp are length of the section (m), cross sectional area (m2), 
acceleration of gravity (m/s2), additional pressure drop (kPa) due to the presence of solids, 
liquid density (kg/m3), and particle density (kg/m3) respectively.  
Biofilm kinetics and stoichiometry information is also a critical parameter in 
biofilm modeling in order to simulate biofilm reactor performance. Recent developments 
in instrumentation have rendered respirometric techniques a useful tool to measure 
biokinetics parameters, evaluate toxicity and inhibition, process optimization, and 
treatment process design (Ellis et al., 1996, Chu et al., 2003).  
In design/retrofitting theme, the biofilm model is calibrated using operational data 
from an existing plant and subsequently used to design a new biofilm systems i.e. 
unaerated (anoxic) and aerated (aerobic) bioreactors. Operational data in this case is 
defined by main and recycle flow rates, reactor volumes, and design hydraulic retention 
time (HRT). Information on hydrodynamic data and axial solid-liquid distribution are 
estimated from experimental data obtained from literature/pilot-scale biofilm studies. It is 
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recommended to determine the biofilm kinetics and stoichiometry parameters using 
respirometric techniques for maximum specific growth rate for heterotrophic biomass 
(µmax), biomass true yield (YH), Monod half saturation coefficient (KS), and specific lysis 
(decay) rate constant for heterotrophic (bh) in order to meet the required effluent 
characteristics.  
10.2.3.3 Stage III: Data Analysis 
Quality assessment of the collected data includes two steps: data evaluation and 
mass balance. Evaluation of the collected data is used only for simulation and retrofitting 
purposes. In this step, the information collected is important to understand the capacity 
and behavior of the biofilm system. Therefore, the design, operational, and experimental 
data should be evaluated and processed for understanding of the entire process. Outlier 
detection and interpolation of the data can be used to improve the available data 
(Vanrollegham et al., 2003). Different statistical methods such as t-tests (comparing the 
means of different data sets) and f-tests (comparing the differences between standard 
deviations of data sets) can be also used to estimate the uncertainty in the collected data. 
Mass balances of the flow, organic matter, nutrient, phosphorus, and sludge are useful to 
maintain an acceptable quality of the collected data. This stage is recommended to 
maintain a high quality of the verification and validation.    
10.2.3.4 Stage IV: Model Calibration 
In this stage, steady-state biofilm model implemented in BioWin® software is 
used to fit the experimental data and calibrated using three sequential approaches: 
attachment/detachment approach, kinetics and stoichiometry approach, and biofilm 
properties approach (such as number of layers in the anoxic/aerobic zone and mass 
transfer boundary layers). It interesting to note that applying the aforementioned 
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approaches sequentially is very important. The biofilm attachment/detachment step has to 
be applied first before changing the kinetics/stoichiometry and biofilm properties. In 
biofilm models, the biofilm thickness is predominantly governed by the detachment rate 
and the kinetics and stoichiometry do not significantly affect the biofilm thickness. Hence, 
the attachment/detachment approach is applied first followed by kinetics/stoichiometry 
and biofilm properties approaches.  According to Takacs et al., 2007, the turbulence and 
the mean velocity gradient (G-value) is not included explicitly in the attachment and 
detachment expressions in BioWin® biofilm model. Therefore, the detachment rate 
coefficient was used initially to fit the experimental biofilm thickness. A higher shear 
force is implemented in the aerated biofilm reactor to simulate the effect of the diffused 
aeration and the three phase fluidized bed bioreactor.  
The second approach is to calibrate the kinetic and stoichiometric parameters. It is 
interesting to note that the kinetics and stoichiometric parameters implemented in 
BioWin® are limited for the suspended growth bioreactor and do not account for the 
effect of the oxygen diffusional limitations inside the biofilm and the reduction of 
external mass transfer resistance by fluidization. Therefore, calibration of the ammonia 
oxidizing bacteria (AOBs), nitrite oxidizing bacteria (NOBs), ordinary heterotrophic 
organisms (OHOs), and phosphorus-accumulating organisms (PAOs) with the help of 
respirometric testing is crucial for the biofilm models. 
The third approach is to use biofilm heterogeneous (layered) properties, i.e. 
number of layers through biofilm and mass transfer boundary layer thickness (LL) to 
calibrate the biofilm performance. These proposed calibration approaches are used only 
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for the simulation/optimization and retrofitting themes since they required operational 
data for calibration as opposed to the educational them which based on literature data.  
10.2.3.5 Stage V: Sensitivity Analysis 
To verify the predictability of the biofilm model and the efficiency of the 
proposed calibration protocol, sensitivity analysis of the kinetics, hydrodynamic, and 
biofilm heterogeneous (layered) parameters was undertaken. Sensitivity analysis ranks 
model parameters based on their contribution to overall error in the model predictions. 
Sensitivity analysis of the biofilm parameters are evaluated using the normalized 
sensitivity coefficient (Si,j) and the mean square sensitivity measure (δjmsqr). The 
normalized sensitivity coefficient as shown in Equation (10.7) is defined by US EPA as a 
ratio of the percentage change in the output variable (yi) to a change in the input variable 
(xi) (US EPA, 2009). For each parameter, the default values were varied by ±50% to 
provide upper and lower limits in a sensitivity analysis to assess its impact on the output 
parameters. The influence of each parameter on the model output is defined using the 
method proposed by Petersen et al. (2003) into the following 4 categories: (a) no 
significant influence (NI: Si,j ˂ 0.25), (b) influential (I: 0.25 ≤ Si,j ˂ 1), (c) very influential 
(VI: 1 ≤ Si,j ˂ 2), and (d) extremely influential (EI: Si,j ˃ 2) (Petersen et al., 2003).  
       Si,j = 
∆!! !!∆!! !! ………..………………….. Equation (10.7) 
The mean square sensitivity measure (δjmsqr) is defined by Brun et al. (2002) as 
shown in Equation (10.8). This sensitivity measure is designed to assess the individual 
parameter importance in a least squares parameter estimation context and a high value of 
δjmsqr indicates that a parameter has an important influence on the simulation results, 
whereas the value of zero means that the simulation results do not depend on a parameter.  
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δjmsqr =
!! ! . S!!,!!!!! ……………………. Equation (10.8) 
10.3 Results and Discussion 
In order to evaluate the proposed calibration protocol, a case study of a pilot-scale 
CFBBR system for biological treatment of municipal wastewater, at empty bed contact 
times (EBCTs) of 1.5-3.0 h and volumetric nutrients loading rates of 1.43-4.29 kg 
COD/(m3·d), 0.17-0.48 kg N/(m3·d), and 0.021-0.093 kg P/(m3·d), was used for the 
biofilm model implemented in BioWin®. The results determined by applying different 
biofilm model calibration stages in CFBBR’s case study, outlined in Figure 10-2, are 
described in the following sections.  
10.3.1 Definition of Objectives, Layout, and Data Collection (Modeling Stages I and II) 
The biofilm model of the pilot-scale CFBBR system was used for simulation of 
BNR performance and validated the second theme of the proposed calibration protocol 
(Figure 10-2). Four different organic and nutrient loading rates were used. The CFBBR 
was modeled using basic reactors available in BioWin®, i.e. influent, unaerated media 
bioreactor, aerated media bioreactor, nitrate recirculation, clarifiers, effluent, and sludge 
wastage effluent as shown in Figure 10-1d. The riser was simulated using two unaerated 
media bioreactors followed by three aerated media bioreactors as a downer and a solid-
liquid separator to collect the excess biomass from the system. The CFBBR system was 
implemented in the aforementioned layout to simulate the change in the bioparticles 
distribution from the dense to the dilute phase (Figure 10-1c) in the same bioreactor and 
calculated using Equations (10.4, 10.5, and 10.6) of the experimental data collected along 
the reactors. It is noteworthy that the pressure drop measured experimentally in the 
middle of the riser and at three location in the downer i.e. bottom, middle, and top of 
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fluidized bed, were used to calculate voidage (ε), media fill (εS) in accordance with 
equations (10.4-10.6). 
The influent enters the riser with a downer-riser liquid and nitrate recirculation 
collected from the last downer of aerated reactor. The combined fluid flows from riser to 
the downer. Finally, the effluent from the downer goes to the downer solid-liquid 
separator, shown as a clarifier, with the provision for sludge wastage. The cross sectional 
area of anoxic and aerobic reactors was considered equal to the actual cross sectional area 
of the column in the pilot-scale. In order to simulate the fluidization regime of CFBBR 
system and the change in biofilm thickness with the change in the voidage ratio and the 
filling factor (Figure 10-1c), the shear factor was calibrated separately in each reactor 
with respect to expanded fluidized bed by a detachment rate coefficient in BioWin® 
model. It is interesting to note that the properties (i.e. roughness, porosity, and chemical 
adsorption) and the weight of carrier media in BioWin® model are not explicitly defined 
but implicitly as SSA and % fill of the bioparticles. 
Table 10-1 illustrates the municipal wastewater characteristics for a duration of 
255 days, characterized predominantly by a carbon to nitrogen ratio of 8:1, TCOD/VSS 
ratio of 2:1 and TBOD/TCOD of 0.65. Table 10-2 shows the detailed operational 
conditions and design parameters of the CFBBR. At this stage the experimental data of 
phase III (highlighted) was used to calibrate the biofilm model while the other phases 
were used for validation. The aforementioned influent characteristics of the municipal 
wastewater, simulated using the influent specifier associated with BioWin®, revealed the 
carbonaceous and nutrient fractions according to the biodegradable and unbiodegradable 
organic matter in the influent wastewater as shown in Table 10-4. Although the influent 
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specifier associated with BioWin® was able to simulate most of the influent 
characteristics, TSS, VSS, and SBOD were always off from the experimental data, 
revealing the limitations of the influent specifier associated with the model.   
Hydrodynamic configuration and axial solid-liquid distribution data of the 
CFBBR system was obtained from the online pressure measurement and calculated using 
the aforementioned method and Equations (10.4, 10.5, and 10.6).  Lava rock particles 
with an average diameter of 600 µm were used as the carrier media (bioparticles) for 
biofilm attachment in the CFBBR. The maximum possible surface area (SSAmax) in the 
anoxic and aerobic bioreactors was calculated considering zero void ratio and biofilm 
thickness of 500 µm and 120 µm, and a bare lava rock particles of diameter 600 µm as 
3750 m2/m3 and 7060 m2/m3, respectively. Considering variable bed porosity, surface 
area, for the anoxic and aerobic reactors, of 2100-3113 m2/m3 and 3320-6990 m2/m3 were 
used translating to a total surface area (TSA) of the carrier media for the entire anoxic 
and aerobic reactors considering the compact bed was 170 m2 and 1070 m2, respectively 
as calculated using Equation (10.1).  
Since the thin aerobic biofilm thickness of the CFBBR of 100-190 µm is in the 
same range of activated sludge “flocs” (70-125 µm), kinetic coefficients derived from 
conventional suspended growth respirometry are applicable (Andreadakis, 1993, Jorand 
et al., 1995). However due to the much thicker biofilm in the anoxic riser of 500-600 µm, 
the biofilm kinetics implemented were the ones derived from fluidized bed respirometric 
studies (Chowdhury et al., 2011) of an observed maximum specific growth rate (µmax) of 
3.69±0.44 1/d and biomass true yield (YH) of 0.36±0.03 g COD/g COD.   
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10.3.2 Data Analysis (Modeling Stage III) 
 Data collected from the pilot scale CFBBR system operating for more than 255 
days was evaluated using the data comparison techniques i.e. t-tests (comparing the 
means of different datasets) and f-tests (comparing the differences between standard 
deviations of datasets). The paired student t-test and f-test were conducted to determine 
the statistical significance of the observed differences between the experimental data for 
TCOD, SCOD, TBOD, SBOD, TN, NH4-N, NO3-N, NO2-N, TP, PO4-P, TSS, and VSS 
at the 95% confidence level.  
 Mass balances for COD, nitrogen, phosphorus, and alkalinity were evaluated to 
validate the mass balance around the CFBBR system including the anoxic and aerobic 
bioreactors as shown in Table 10-5. Approximately 40% of the influent COD was utilized 
in the anoxic column by denitrification while about 45% of the influent COD was 
oxidized in the aerobic column. Anoxic COD consumption was 328, 508, 921, and 974 g 
COD/d in phase I, II, III, and IV respectively. COD consumption for denitrification (3.5-
3.7 mg COD/mg NO3-N) was estimated using Equation (10.9) (Metcalf and Eddy, 2003), 
considering the observed biomass yield of 0.12-0.16 g VSS/g COD.  
CODconsumption for denitrification = 
)42.11(
86.2
Y×−
……….. Equation (10.9)  
COD (%) closure was calculated using influent and effluent COD concentrations, 
and COD in the biomass wastage from the CFBBR system with an average percentage 
closure of 92%. Mass balance of the nitrogen uptake in the CFBBR system shows a 
higher percentage closure of 98%. Phosphorus balance closed at an average of 92%.  
Table 10-5 shows that 95-263 g NO3-N/d were removed in the anoxic column, which 
generate 339-939 g alkalinity as CaCO3/d. In the aerobic column, 106-280 g NH4-N/d 
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were nitrified and utilized 757-2071 g alkalinity as CaCO3/d. Therefore, alkalinity mass 
balance closures were about 88% in all four phases. 
Table 10- 5: Overall mass balance at different phases 
 
10.3.3 Model Calibration (Modeling Stage IV) 
 A benchmark model was running with the collected data from the previous steps 
to fit the steady state CFBBR performance during 255 days of biological nutrient removal 
from municipal wastewater. At this stage, three sequential steps were used to calibrate the 
BioWin® model starting by adjusting the biofilm thickness followed by adjustment of the 
heterotrophic/autotrophic kinetic parameters and biofilm properties including the total 
thickness of mass transfer boundary layers (MTBL) and the number of biofilm layers.  
3 
Table 11-3: Overall mass balance 
 Phase I Phase II Phase III Phase IV 
COD removed (g COD/d) 9181 1443 2790 2743 
Anoxic COD consumed (g COD/d) 3282 508 921 974 
Aerobic COD-utilized (g COD/d) 4153 546 797 869 
COD-Biomass (g COD/d) 1564 266 515 623 
N-Nitrification (g N/d) 1065 160 290 280 
N-Denitrification (g N/d) 956 145 263 263 
Alkalinity anoxic (g CaCO3/d) -3397 -518 -939 -939 
Alkalinity aerobic (g CaCO3/d) 7578 1142 2071 1999 
Yobs (g VSS/g COD) 0.12 0.13 0.13 0.16 
% COD closure 95%a 92% 90% 90% 
% Nitrogen closure 98%b 98% 98% 99% 
% Phosphorus closure  91%c 92% 91% 92% 
% Alkalinity closure  88%d 87% 87% 89% 
1 COD removed = (TCODin 
!!  – SCODeff !!!  ) × Qin !! 
2 Anoxic COD consumed = ((N-Denitrification !!) × !.!"!!!.!"!!"#) 
3 Aerobic COD-utilized= ∆!!∆!  ×Qtotal (1-YH)-1 
4 COD-Biomass = CODremoved×1.42Yobs 
5 N-Nitrification = (TKNin 
!!  – TKNeff !!! )×Qin !! – Nsludge !!  
6 N-Denitrification = N-Nitrification 
!! – (NO3 eff !!!×Qin !! ) 
7Alkalinity generated in the anoxic column= (–) N-Denitrification ×3.57 
8 Alkalinity consumed in the aerobic column= N-Nitrification ×7.14 
a % COD closure = !"#$%&!!"#!!"#$%&'(!!!"#$%&'!!"#!!"#$%&'(!!!"!!""!!!"#!!"#$%&&!!!"#!"  
b % Nitrogen closure = !"!!""!!!"#$%&&!!!!!!""!!!!!!"#$%&'(!!!!"  
c % Phosphorus closure = !!!""!!!!"#$%&&!!!!"  
d % Alkalinity closure = !"#!"!–(!"!!"#$%&'(!!"!!"#"$%&"')!!!"!!""  
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 First, the biofilm thickness was adjusted by attachment/detachment approach 
using the detachment rate (g/m3.d) associated with BioWin® followed by 
kinetics/stoichiometry and biofilm properties approaches. Two different scenarios have 
been applied in the first approach, according to the fluidization regime in liquid/solid and 
gas/liquid/solid fluidization regimes, defined as two and three phase fluidization regimes, 
respectively. In the anoxic bioreactor, liquid/solid fluidization regime has been applied 
with a constant detachment rate of 1.4×105-1.5×105 throughout the entire bioreactor and 
different filling factors while a three phases fluidization regime applied in the aerobic 
bioreactor. In the aerobic bioreactor, a higher detachment rate of 1.7×106 was applied at 
the bottom of the tank and a smaller detachment rate of 1×106 at the top of the reactor 
representing the direct effects of air diffusers and air bubbles as shown in the bioparticles 
distribution in Figure 10-1c. It is noteworthy that the biofilm thickness in the aerobic 
bioreactor is significantly smaller than the anoxic bioreactor which represents a higher 
effect of bioparticles abrasion in the aerobic zones translates to a higher detachment rate 
by one order of magnitude relation to the anoxic zone. A significant reduction of the 
detachment rate (about 40%) was applied to the third reactor, which represents the upper 
section of the aerobic fluidized bed bioreactor. In other biofilm reactors, i.e. moving bed 
bioreactor (MBBR) with a lower fill factor, the detachment rate can be reduced 
significantly. Applying this approach in other biofilm simulation packages can be done 
using other parameters, e.g. shear factor (0-5) in AQUIFAS®, detachment rate (kg/m2.d) 
and the internal solids exchange rate (m/d) for GPS-X®. 
 After the calibration of biofilm thickness, adjusting the kinetics and stoichiometry 
parameters has been used to fit the steady state CFBBR performance. It is interesting to 
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note that the biofilm kinetic parameters of ammonia oxidizing bacteria (AOBs) and nitrite 
oxidizing bacteria (NOBs) in a very thin biofilm are similar to the existing ASM values 
and can be used as a guide for biofilm kinetics modification for the AOBs and NOBs. 
Therefore, conducting a respirometry study is only important for the ordinary 
heterotrophic organisms (OHOs) when the biofilm thickness is thick and substrate 
utilization for energy in preference to biomass assimilation under substrate limited 
conditions.  
 The kinetics of the ordinary heterotrophic organisms (OHOs) have been measured 
using a new respirometry technique (developed by Nakhla and coworkers (Chowdhury et 
al., 2011)) emulating the hydrodynamic conditions in the CFBBR. The observed 
maximum specific growth rate (µmax) of 3.69±0.44 1/d, biomass true yield (YH) of 
0.36±0.03 g COD/g COD, and endogenous decay coefficient (b) of 0.26 1/d in the 
fluidized bed respirometers were measured using Equations (10.2) and (10.3). The kinetic 
parameters of other types of bacteria such as ammonia oxidizing bacteria (AOBs) and 
phosphorus-accumulating organisms (PAOs) which were not measured experimentally 
have been modified by ±30% of the default model as shown in Table 10-6. It is 
interesting to note that the substrate half saturation concentration of nitrite oxidizing 
bacteria (NOBs) in BioWin® was 24 times smaller than the calibrated value. A 
comparison between the calibrated and literature values of the selected kinetics 
parameters shows that all the adjusted values were within a range of ±30% except for the 
nitrite oxidizing bacteria (NOBs) of substrate half saturation coefficient as shown in 
Table 10-7.  
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Table 10- 6: Calibrated kinetics parameters used in BioWin® 
 
The third step was to calibrate the biofilm properties including the total thickness 
of mass transfer boundary layers (MTBL) and the number of biofilm layers. In the anoxic 
reactor, which has a biofilm thickness of 500-700 µm, the number of biofilm layers was 
set to 3 layers with a total MTBL of 600 µm. In the aerobic reactor, which has oxygen 
diffusion throughout the biofilm, the number of biofilm layers was set to 2 layers with a 
total MTBL of 400 µm. It is noteworthy that the boundary layer thickness is calibrated 
only by trial and error in order to fit the experimental effluent quality. 
4 
l  1-4a: Calibrated i ti s r eters used in BioWin® 
Parameter (unit) Default value Input valuea 
Ammonia-Oxidizing Bacteria (AOB)   
Max. spec. growth rate (1/d) 0.90 0.90 
Substrate (NH4) half sat. (mgN/L) 0.70 1.00 
Aerobic decay rate (1/d) 0.17 0.17 
Anoxic/anaerobic decay rate (1/d) 0.08 0.08 
KiHNO2 (mmol/L) 0.005 0.005 
Nitrite-Oxidizing Bacteria (NOB)   
Max. spec. growth rate (1/d) 0.70 0.70 
Substrate (NO2) half sat. (mgN/L) 0.10 2.40 
Aerobic decay rate (1/d) 0.17 0.17 
Anoxic/anaerobic decay rate (1/d) 0.08 0.08 
KiNH3 (mmol/L) 0.075 0.075 
Ordinary Heterotrophic Organisms (OHOs)  
Max. spec. growth rate (1/d) 3.20 3.69 
Substrate half sat. (mgCOD/L) 5.00 5.00 
Anoxic growth factor (-) 0.50 0.50 
Aerobic decay (1/d) 0.62 0.26 
Anoxic/anaerobic decay (1/d) 0.30 0.30 
Hydrolysis rate (AS) (1/d) 2.10 2.10 
Hydrolysis half sat. (AS) (-) 0.06 0.06 
Anoxic hydrolysis factor (-) 0.28 0.28 
Ammonification rate (L/(mgN d)) 0.04 0.04 
Assimilative nitrate/nitrite reduction (1/d) 0.50 0.50 
Hydrolysis half sat. (AD) (mgCOD/L) 0.15 0.15 
a  Calibrated using the experimental data and respirometric study  
 
 
Table 11-4b: Comparison between the calibrated and literature values of the selected kinetics parameters used in 
BioWin® 
Parameter (unit) Default value 
Calibrated 
valuea 
Literature 
value Reference 
Ammonia-Oxidizing Bacteria (AOB)     
Substrate (NH4) half sat. (mgN/L) 0.70 1.00 1.00 
Marais and Ekama, 1976; Randall 
et al., 1992; Henze et al., 2008 
Nitrite-Oxidizing Bacteria (NOB)     
Substrate (NO2) half sat. (mgN/L) 0.10 2.40 2.00-4.3 
Marais and Ekama, 1976; Randall 
et al., 1992; Henze et al., 2008 
Ordinary Heterotrophic Organisms (OHOs)    
Max. spec. growth rate (1/d) 3.20 3.69 3.57- 4.8 Henze et al., 2002; Henze et al., 2008 
Aerobic decay (1/d) 0.62 0.26 0.31- 0.4 Henze et al., 2002; Henze et al., 2008 
a  Calibrated using the experimental data and respirometric study 
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Table 10- 7: Comparison between the calibrated and literature values of the selected kinetics 
parameters used in BioWin® 
 
Two calibration methods were tested: one where the aforementioned sequence of 
calibrating biofilm thickness followed by kinetics and stoichiometry and then biofilm 
properties denoted henceforth as method 1, and the other where kinetics and 
stoichiometry were adjusted first followed by biofilm thickness and lastly biofilm 
properties referred to as method 2. It is interesting to note that applying the 
attachment/detachment approach first maintained the biofilm thickness within a 5% of 
the experimental biofilm thicknesses of 600 µm and 190 µm in the anoxic and aerobic 
reactors, respectively after applying the second approach. As illustrated in Table 10-7, 
using method 1, the effluent characteristics and the measured biofilm thickness were 
modeled in 12 iterations while applying the method 2 calibration took 20 iterations. It is 
noteworthy that with the current biofilm process configuration, each run lasted for a 
minimum of 1 hour using traditional laptop or desktop computers, with some of the runs 
lasting for more than 3 hours. Thus, the computational effort using the proposed approach 
(method 1) is significantly lower than method 2.  
4 
Table 11-4a: Calibrated kinetics parameters used in BioWin® 
Parameter (unit) Default value Input valuea 
Ammonia-Oxidizing Bacteria (AOB)   
Max. spec. growth rate (1/d) 0.90 0.90 
Substrate (NH4) half sat. (mgN/L) 0.70 1.00 
Aerobic decay rate (1/d) 0.17 0.17 
Anoxic/anaerobic decay rate (1/d) 0.08 0.08 
KiHNO2 (mmol/L) 0.005 0.005 
Nitrite-Oxidizing Bacteria (NOB)   
Max. spec. growth rate (1/d) 0.70 0.70 
Substrate (NO2) half sat. (mgN/L) 0.10 2.40 
Aerobic decay rate (1/d) 0.17 0.17 
Anoxic/anaerobic decay rate (1/d) 0.08 0.08 
KiNH3 (mmol/L) 0.075 0.075 
Ordinary Heterotrophic Organisms (OHOs)  
Max. spec. growth rate (1/d) 3.20 3.69 
Substrate half sat. (mgCOD/L) 5.00 5.00 
Anoxic growth factor (-) 0.50 0.50 
Aerobic decay (1/d) 0.62 0.26 
Anoxic/anaerobic decay (1/d) 0.30 0.30 
Hydrolysis rate (AS) (1/d) 2.10 2.10 
Hydrolysis half sat. (AS) (-) 0.06 0.06 
Anoxic hydrolysis factor (-) 0.28 0.28 
Ammonification rate (L/(mgN d)) 0.04 0.04 
Assimilative nitrate/nitrite reduction (1/d) 0.50 0.50 
Hydrolysis half sat. (AD) (mgCOD/L) 0.15 0.15 
a  Calibrated using the experimental data and respirometric study  
 
 
Table 11-4b: Comparison between the calibrated and literature values of the selected kinetics parameters used in 
BioWin® 
Parameter (unit) Default value 
Calibrated 
valuea 
Literature 
value Reference 
Ammonia-Oxidizing Bacteria (AOB)     
Substrate (NH4) half sat. (mgN/L) 0.70 1.00 1.00 
Marais and Ekama, 1976; Randall 
et al., 1992; Henze et al., 2008 
Nitrite-Oxidizing Bacteria (NOB)     
Substrate (NO2) half sat. (mgN/L) 0.10 2.40 2.00-4.3 
Marais and Ekama, 1976; Randall 
et al., 1992; Henze et al., 2008 
Ordinary Heterotrophic Organisms (OHOs)    
Max. spec. growth rate (1/d) 3.20 3.69 3.57- 4.8 Henze et al., 2002; Henze et al., 2008 
Aerobic decay (1/d) 0.62 0.26 0.31- 0.4 Henze et al., 2002; Henze et al., 2008 
a  Calibrated using the experimental data and respirometric study 
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Table 10- 8: Impact of biofilm thickness, kinetics, and biofilm properties approaches on effluent 
characteristics and biofilm thickness 
 
Scrutiny of the data for method 1 presented in Table 10-8 clearly indicates that 
fitting the biofilm thicknesses i.e. runs 1-4 already modeled the effluent COD, SCOD, 
and ammonia within the range of observed average experimental values, plus or minus 
the standard deviation. From run 5 through 12, the adjustment of the kinetic parameters 
5 
Table 11-5: Impact of biofilm thickness, kinetics, and biofilm properties approaches on effluent characteristics and biofilm 
thickness. 
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Parameter (mg/L) Biofilm thickness (µm) 
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llo
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tic
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fil
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pe
rti
es
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s 1 Default 36
* 25 0.6 11.2 3.9 15.7 870 910 
2 DRanx: 1E+5, DRaer: 1E+5 37 26 0.5 10.4 3.9 14.8 750 790 
3 DRanx: 1.2E+5, DRaer: 1.4E+6 49 34 0.5 19.2 3.9 23.6 690 210 
4 DRanx: 1.4-1.5E+5, DRaer: 1.0-1.7E+6 49 34 0.6 18.9 3.9 23.4 610 190 
5 DR done+ (OHO: µmax and Y of 3.69 and 0.26) 46 30 0.7 18.0 3.5 22.2 610 190 
6 DR done+ (OHO: µmax and Y)+(AOB: Ks 0.8) 46 30 0.7 17.9 3.6 22.3 610 190 
7 DR done+ (OHO: µmax and Y)+(AOB: Ks 0.9) 46 30 0.7 17.0 3.6 21.3 610 190 
8 DR done+ (OHO: µmax and Y)+(AOB: Ks 1) 46 30 0.7 15.1 3.6 19.5 600 190 
9 DR done+ (OHO: µmax and Y)+(AOB: Ks)+(NOB: Ks 1) 46 30 0.7 13.5 3.6 17.9 600 190 
10 DR done+ (OHO: µmax and Y)+(AOB: Ks)+(NOB: Ks 1.5) 46 30 0.7 11.8 3.6 16.2 590 190 
11 DR done+ (OHO: µmax and Y)+(AOB: Ks)+(NOB: Ks 2) 46 30 0.7 10.4 3.6 14.7 580 190 
12 DR done+ (OHO: µmax and Y)+(AOB: Ks)+(NOB: Ks 2.4)+2 layers of biofilmaerobic  
46 30 0.9 5.4 3.8 10.1 580 190 
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1 Default 36 25 0.6 11.2 3.9 15.7 870 910 
2 OHO: µmax and Y of 3.69 and 0.26) 35 22 0.5 10.7 3.3 14.4 870 950 
3 (OHO: µmax and Y)+(AOB: Ks 1) 35 22 0.4 10.7 3.2 14.3 900 950 
4 (OHO: µmax and Y)+(AOB: Ks 1.5) 35 22 0.2 11.1 3.0 14.4 910 950 
5 (OHO: µmax and Y)+(AOB: Ks 0.7)+(NOB: Ks1 35 22 0.5 9.3 3.2 13.0 900 950 
6 (OHO: µmax and Y)+(NOB: Ks 2) 35 22 0.5 8.2 3.2 11.9 870 950 
7 (OHO: µmax and Y)+(NOB: Ks 2.4) 35 22 0.5 7.8 3.2 11.5 870 950 
8 (OHO: µmax and Y)+(NOB: Ks 3) 35 22 0.5 7.0 3.3 10.7 870 950 
9 (OHO: µmax and Y)+(NOB: Ks 3.5) 35 22 0.5 6.7 3.2 10.4 870 950 
10 (OHO: µmax and Y)+(NOB: Ks 3.9) 35 22 0.5 6.7 3.2 10.4 870 950 
11 Kint done+DRanx: 1E+5, DRaer: 1E+5 35 23 0.4 6.5 3.2 10.1 760 820 
12 Kint done+DRanx: 1.4E+5, DRaer: 1E+6 46 31 0.4 10.6 3.2 14.3 620 240 
13 Kint done+DRanx: 1.4E+5, DRaer: 1.0-1.7E+6 46 30 0.5 2.2 3.4 6.1 580 190 
14 DR done+ (OHO: µmax and Y)+(NOB: Ks 3) 46 30 0.5 8.3 3.4 12.2 590 190 
15 DR done+ (OHO: µmax and Y)+(NOB: Ks 3)+(AOB: Ks 1) 46 30 0.7 7.9 3.6 12.3 590 190 
16 DR done+ (OHO: µmax and Y)+(NOB: Ks 2.4)+(AOB: Ks 1) 46 30 0.7 10.4 3.6 14.7 600 190 
17 DR done+ (OHO: µmax and Y)+(NOB: Ks 3.5)+(AOB: Ks 1) 46 30 0.7 5.1 3.6 9.4 580 190 
18 DR done+ (OHO: µmax and Y)+(NOB: Ks 3.5)+(AOB: Ks 1)+ 2 layers of biofilmaerobic 
46 30 0.9 0.6 3.9 5.4 560 190 
19 DR done+ (OHO: µmax and Y)+(NOB: Ks 3)+(AOB: Ks 1)+ 2 layers of biofilmaerobic 
46 30 0.9 1.5 3.8 6.2 560 190 
20 DR done+ (OHO: µmax and Y)+(NOB: Ks 2.4)+(AOB: Ks 1)+ 2 layers of biofilmaerobic 
46 30 0.9 5.4 3.8 10.1 580 190 
*Shaded parameters are the problematic ones that were outside the average ±SD range    
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mainly refined effluent nitrates, TKN, and consequently TN concentrations. However in 
method 2, initial calibration (runs 1-10), by fitting all water quality parameters, 
erroneously overpredicted biofilm thicknesses. Subsequent attempts to fit biofilm 
thickness (runs 11-13) completely threw off the effluent nitrate predictions, necessitating 
another round of kinetic parameters adjustment (runs 14-19), before final fitting using 
biofilm properties i.e. aerobic mass transfer layer thickness. 
The steady-state CFBBR model using BioWin® focused on various aspects of 
process performance i.e. reactor effluent characteristics, nutrient removal rates, biofilm 
thickness, total biomass in the reactor, and process yield as well as the COD uptake, 
nitrification, and denitrification rates. Table 10-9 shows a comparison between model 
prediction and experimental data for all phases. The model was calibrated using the 
experimental data of phase III and followed by validation using the other phases. In phase 
III, the model predicted effluent NH4-N of 0.9 mg/L, NO3-N of 5.4 mg/L, and TKN of 
3.8 mg/L compared well to observed NH4-N of 0.9±0.6 mg/L, NO3-N of 5.4±1.3 mg/L, 
and TKN of 2.3±0.6 mg/L, in the pilot-scale CFBBR system. The BioWin® model 
predicted the effluent NH4-N, NO3-N, and TKN of the other phases in agreement with the 
experimental data. As illustrated in Table 10-9, the average percentage error (APE) in 
phase I, calculated as the summation of the absolute difference between the experimental 
and predicted values divided by the experimental values, averaged over the number of 
data points, revealed that the discrepancy between predicted and measured final effluent 
TCOD, SCOD, PO4-P, TP, and SBOD was 15%. Comparatively, a higher APE of 30% 
was observed between simulated and measured final effluent TCOD, SCOD, PO4-P, TP, 
and SBOD in phases I, II, and IV. In phase II, the BioWin® model overpredicted SCOD, 
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TKN, and PO4-P by 20% while the other final effluent characteristics were in agreement 
with the experimental data.  
Table 10- 9: Experimental and Simulated effluent quality 
 
It is interesting to note that the model overpredicted the final effluent alkalinity in 
all cases while it predicted the nitrogen components by an APE of 20%. Furthermore, the 
effluent solids as TSS and VSS were underpredicted in all phases within an APE of 50%, 
reflecting the limitation of the BioWin® model to predict the liquid solids separation of 
the CFBBR system efficiently. Moreover, the model significantly underpredicted the 
effluent BOD in all phases by APE of 30-60% due to underprediction of effluent TSS and 
VSS concentrations.  
As illustrated in Table 10-10, anoxic COD removal in different phases were close 
to the experimental data with an APE of 3-5% whereas the aerobic COD removal were 
overpredicted with an APE of 5-14%. Nitrification and denitrification rates of 0.095-0.27 
kg N/d and 0.084-0.25 kg N/d, respectively, predicted by BioWin® were comparable with 
6 
Table 11-6a: Experimental and Si ulated effluent quality 
Parameter 
Phase I Phase II Phase III Phase IV 
Simulated Exp.* Simulated Exp.
* Simulated Exp.* Simulated Exp.* 
pH 7 6.9-7.3 7 6.9-7.2 7 7.0-7.4 7 6.8-7.2 
Alkalinity** 113 89±23 124 116±12 103 75±38 100 79±24 
COD (mg/L) 22 26±3 27 39±8 46 41±14 54 45±7 
SCOD (mg/L) 16 13±4 18 15±4 30 20±8 39 23±5 
NH4-N (mg/L ) 0.4 0.6±0.5 0.6 0.9±0.3 0.9 0.9±0.6 3 3.9±0.9 
NO3-N (mg/L) 4 3.6±1.2 4.8 4.7±1.3 5.4 5.4±1.3 3 2.8±0.6 
TKN (mg/L) 2.3 2.5±0.4 2.7 3±0.6 3.8 2.3±0.6 6 6.7±1.2 
TN (mg/L) 6.6 6.2±1.1 8.3 7.6±1.3 10.1 7.7±0.8 10 9.8±1.2 
PO4-P (mg/L) 0.9 0.7±0.1 0.6 0.5±0.1 0.9 0.7±0.4 0.8 0.6±0.2 
TP (mg/L) 1.2 1.0±0.1 0.8 1.2±0.2 1.4 1.3±0.2 1.1 1.2±0.4 
TSS (mg/L) 7 11±2 8 22±6 15 41±20 14 27±6 
VSS (mg/L) 5 9±2 5 16±5 10 22±11 9 21±6 
BOD (mg/L) 6 16±5 7 19±3 15 21±8 16 23±3 
SBOD (mg/L) 3 3±1 4 4±2 8 7±2 10 7±2 
*Average ± SD (number of samples, 20) with a frequency of a sample every 3 days; ** (mg CaCO3/L) 
 
Table 11-6b: Simulated results and measured parameters for nutrient removal rates 
Parameter Phase I Phase II Phase I Ph se II Sim. Exp.* Sim. Exp.* Sim. Exp.* Sim. Exp.* 
Anoxic COD consumption 
(kg/d) 0.32 0.33±0.05 0.50 0.51±0.06 0.88 0.92±0.1 0.92 0.97±0.1 
Aerobic COD consumption 
(kg/d) 0.44 0.42±0.04 0.60 0.55±0.1 1.0 0.80±0.15 1.0 0.87±0.18 
Yield (g VSS/g COD) 0.18 0.12±0.04 0.19 0.13±0.04 0.2 0.13±0.04 0.22 0.16±0.04 
Aerobic N removal (kg/d) 0.095 0.11±0.01 0.14 0.16±0.01 0.28 0.30±0.01 0.27 0.28±0.01 
Anoixc N removal (kg/d) 0.084 0.095±0.01 0.13 0.15±0.01 0.23 0.26±0.01 0.25 0.26±0.01 
* Average ± SD (number of samples, 20) with a frequency of a sample every 3 days 
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the observed nitrification and denitrification rates, estimated from the amount of nitrogen 
nitrified and denitrified within APE of 1-5%.  
Table 10- 10: Simulated results and measured parameters for nutrient removal rates 
 
Biomass yield in the pilot-scale CFBBR calculated as the sum of the net change in 
attached biomass, sludge wastage, and effluent solids divided by the total COD consumed 
in the process was 0.12, 0.13, 0.13, and 0.16 g VSS/g COD in phases I, II, III, and IV, 
respectively with overall sludge production ranging from 109-439 g VSS/d according to 
the solids in influent and produced from the biomass. BioWin® predicted that 15-52 g 
VSS/d biomass were lost in the effluent of CFBBR system with an overall sludge 
wastage ranging from 175-730 g VSS/d in phases I to IV. Considering the aerobic and 
anoxic nutrient mass removal rates, the mean cell residence time, decay coefficient, and 
the simulated COD removal ranging from 760-1920 g COD/d in phases I to IV, the 
simulated biomass yield with BioWin® were calculated as 0.18, 0.19, 0.2, and 0.22 g 
VSS/g COD in phases I, II, III, and IV, respectively which are approximately 50% higher 
than those observed experimentally.  
Although the predicted aerobic and anoxic attached biomass thicknesses of 190 
and 580 µm respectively were in close agreement with the experimental values of 150 
and 600 µm in the aerobic and anoxic reactors, the total biomass in both models was 
underpredicted by 20%. The total model predicted biomass in the anoxic and aerobic 
6 
Table 11-6a: Experimental and Simulated effluent quality 
Parameter 
Phase I Phase II Phase III Phase IV 
Simulated Exp.* Simulated Exp.
* Simulated Exp.* Simulated Exp.* 
pH 7 6.9-7.3 7 6.9-7.2 7 7.0-7.4 7 6.8-7.2 
Alkalinity** 113 89±23 124 116±12 103 75±38 100 79±24 
COD (mg/L) 22 26±3 27 39±8 46 41±14 54 45±7 
SCOD (mg/L) 16 13±4 18 15±4 30 20±8 39 23±5 
NH4-N (mg/L ) 0.4 0.6±0.5 0.6 0.9±0.3 0.9 0.9±0.6 3 3.9±0.9 
NO3-N (mg/L) 4 3.6±1.2 4.8 4.7±1.3 5.4 5.4±1.3 3 2.8±0.6 
TKN (mg/L) 2.3 2.5±0.4 2.7 3±0.6 3.8 2.3±0.6 6 6.7±1.2 
TN (mg/L) 6.6 6.2±1.1 8.3 7.6±1.3 10.1 7.7±0.8 10 9.8±1.2 
PO4-P (mg/L) 0.9 0.7±0.1 0.6 0.5±0.1 0.9 0.7±0.4 0.8 0.6±0.2 
TP (mg/L) 1.2 1.0±0.1 0.8 1.2±0.2 1.4 1.3±0.2 1.1 1.2±0.4 
TSS (mg/L) 7 11±2 8 22±6 15 41±20 14 27±6 
VSS (mg/L) 5 9±2 5 16±5 10 22±11 9 21±6 
BOD (mg/L) 6 16±5 7 19±3 15 21±8 16 23±3 
SBOD (mg/L) 3 3±1 4 4±2 8 7±2 10 7±2 
*Average ± SD (number of samples, 20) with a frequency of a sample every 3 days; ** (mg CaCO3/L) 
 
Table 11-6b: Simulated results and measured parameters for nutrient removal rates 
Parameter Phase I Phase II Phase I Phase II Sim. Exp.* Sim. Exp.* Sim. Exp.* Sim. Exp.* 
Anoxic COD consumption 
(kg/d) 0.32 0.33±0.05 0.50 0.51±0.06 0.88 0.92±0.1 0.92 0.97±0.1 
Aerobic COD consumption 
(kg/d) 0.44 0.42±0.04 0.60 0.55±0.1 1.0 0.80±0.15 1.0 0.87±0.18 
Yield (g VSS/g COD) 0.18 0.12±0.04 0.19 0.13±0.04 0.2 0.13±0.04 0.22 0.16±0.04 
Aerobic N removal (kg/d) 0.095 0.11±0.01 0.14 0.16±0.01 0.28 0.30±0.01 0.27 0.28±0.01 
Anoixc N removal (kg/d) 0.084 0.095±0.01 0.13 0.15±0.01 0.23 0.26±0.01 0.25 0.26±0.01 
* Average ± SD (number of samples, 20) with a frequency of a sample every 3 days 
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reactors ranging from 1530-1570 g VSS and 2576-2590 g VSS, compared to the 
measured biomass which varied from 1828-1886 g VSS and 3200-3243 g VSS in phases 
I to IV, respectively.  
10.3.4 Sensitivity Analysis (Modeling Stage V) 
In order to verify the predictability of the calibrated biofilm model using the 
proposed protocol, sensitivity analysis comprised 19 biofilm kinetic and stoichiometric 
parameters and 4 of the biofilm properties parameters were evaluated using the 
normalized sensitivity coefficient (Si,j) and the mean square sensitivity measure (δjmsqr). 
Kinetic and stoichiometric parameters associated with growth and decay of AOB, NOB, 
OHO, and PAOs were subjected to sensitivity analysis within a change of ±50% of the 
calibrated values. In this study, all the kinetic and stoichiometric parameters (7 
parameters) of PAOs had no significant influence (NI: Si,j ˂ 0.25) and the total number of 
12 kinetic and stoichiometric parameters were presented in Tables 10-11 and 10-12.  
As illustrated in Table 10-11, the value of normalized sensitivity coefficient (Si,j) 
were calculated with regard to 12 effluent characteristics. However, for one of them, i.e. 
TSS, the values of Si,j were always under 0.25 and thus TSS was excluded from Table 10-
11. For AOB bacteria, the biofilm model was extremely influential (EI: Si,j ˃ 2) with the 
change of maximum specific growth rate (µmax-AOB) for both nitrification and 
denitrification processes while it was very influential (EI) for the other kinetic parameters 
of AOB. As shown in Table 10-11, the NOB was extremely influential (EI) with the 
change of µmax-AOB, KNO2, and bNO2. In case of OHO bacteria, the yield coefficient (YOHO) 
was influential (I: 0.25 ≤ Si,j ˂ 1) for effluent VSS and very influential (VI: 1 ≤ Si,j ˂ 2) 
for effluent characteristics of TCOD, SCOD, SPO4-P, and TBOD while the other effluent 
characteristics were extremely influenced (EI) by the changes of the OHO yield. 
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Moreover, other kinetics parameters of µmax-OHO, KOHO, and bOHO were influential (I) for 
all effluent characteristics except the NO3 was significantly impacted (VI) by ±50% 
change in µmax-OHO. 
Table 10- 11: Normalized sensitivity coefficient of effluent characteristics 
 
 
Changing the number of anoxic and aerobic biofilm layers (LF) from 1 to 4 layers, 
and anoxic and aerobic mass transfer boundary layers thickness (LLanoxic , LLaerobic) which 
were varying from 100 to 500 µm, very significantly affected effluent NO3 concentrations 
(category IV). All other effluent parameters impacted by biological nitrogen removal i.e. 
ammonia, TKN, and TN, as reported in Table 10-11, were influenced by the biofilm 
properties. The mean square sensitivity measures (δjmsqr) were used to rank all the 
7 
Table 11-7a: Normalized sensitivity coefficient of effluent characteristics 
Parameter (unit) Normalized sensitivity coefficient (Si,j)
* 
TCOD SCOD NH3-N NO3 TKN   TN SPO4-P TP VSS TBOD SBOD 
Ammonia-Oxidizing Bacteria (AOB) 
Max. spec. growth rate (µmax-AOB)(1/d)   3.50 4.45 0.91 0.88      
Substrate (NH4) half sat. (KNH4) 
(mgN/L)   1.17 2.31 0.35 0.46      
Aerobic decay rate (bAOB) (1/d)   1.04 2.27  0.46      
Yield (YAOB) (mg COD/mg N)    0.25  0.25      
Nitrite-Oxidizing Bacteria (NOB) 
Max. spec. growth rate (µmax-NOB) 
(1/d)    13.83  1.40      
Substrate (NO2) half sat. (KNO2) 
(mgN/L)    9.85  2.78      
Aerobic decay rate (bNOB) (1/d)    7.67  2.98      
Yield (YNOB) (mg COD/mg N)    0.25  0.25      
Ordinary Heterotrophic Organisms (OHOs) 
Max. spec. growth rate (µmax-OHO) 
(1/d)    1.75  0.75     0.43 
Substrate half sat. (KOHO) 
(mgCOD/L)    0.25  0.25      
Aerobic decay (bOHO)  (1/d)    0.70  0.32 0.40 0.36    
Yield (YOHO) (g COD/g COD) 1.25 1.54 2.93 13.35 2.71 2.61 1.62 2.13 0.25 1.79 2.19 
Biofilm Properties            
Number of layer in the anoxic 
biofilm     3.08  1.23 0.41 0.31    
Number of layer in the aerobic 
biofilm 0.25 0.37 0.98 4.45 0.91 0.97 0.54 0.71 0.25 0.41 0.60 
Mass transfer boundary layer 
thickness (MTBLAnoxic) ( µm)    1.40  0.97 0.26     
Mass transfer boundary layer 
thickness (MTBLAerobic) ( µm)  0.31 1.06 14.91 0.52 0.79 0.26   0.38 0.61 
*Classified as (a) no significant influence (NI: Si,j ˂ 0.25), (b) influential (I: 0.25 ≤Si,j ˂ 1), (c) very influential (VI: 1 ≤Si,j ˂ 2), and (d) extremely 
influential (EI: Si,j ˃ 2) 
 
Table 11-7b: Mean square sensitivity measure (δjmsqr) ranking of kinetic/ stoichiometric and biofilm parameters 
Rank Overall Rank Parameter δjmsqr 
kinetics and stoichiometric parameters  
1 1 Max. spec. growth rate (µmax-NOB) (1/d) 27.09 
2 3 Aerobic decay rate (bNOB) (1/d) 17.41 
3 4 Substrate (NO2) half sat. (KNO2) (mgN/L) 8.44 
4 5 Yield (YOHO) (g COD/g COD) 4.47 
5 7 Max. spec. growth rate (µmax-AOB)(1/d) 1.43 
6 9 Substrate (NH4) half sat. (KNH4) (mgN/L) 0.79 
7 10 Aerobic decay rate (bAOB) (1/d) 0.77 
8 11 Max. spec. growth rate (µmax-OHO) (1/d) 0.61 
9 13 Aerobic decay (bOHO)  (1/d) 0.26 
10 14 Substrate half sat. (KOHO) (mgCOD/L) 0.14 
11 15 Yield (YAOB) (mg COD/mg N) 0.08 
12 16 Yield (YNOB) (mg COD/mg N) 0.05 
Biofilm Properties  
1 2 Mass transfer boundary layer thickness (MTBLAerobic) ( µm) 24.40 
2 6 Number of layer (Anoxic) ( µm) 1.47 
3 8 Number of layer (Aerobic) ( µm) 1.00 
4 12 Mass transfer boundary layer thickness (MTBLAnoxic) ( µm) 0.24 
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parameters as illustrated in Table 10-12. The most important kinetic and stoichiometric 
parameters were µmax-NOB followed by bNOB and KNO2. 
Table 10- 12: Mean square sensitivity measure (δjmsqr) ranking of kinetic/ stoichiometric and biofilm 
parameters 
 
 
For the biofilm parameters, the aerobic mass transfer boundary layer (MTBLAerobic) 
was the most important parameter followed by followed by the number of anoxic biofilm 
layers. Although the Mass transfer boundary layer (MTBLAerobic) was the most important 
biofilm parameter but it was the second one in the overall ranking as shown in Table 10-
12. It is interesting to note that AOB and NOB yield coefficients had a minimal influence 
among all other parameters.  
Overall evaluation of the model parameters highlights the areas that the model is 
sensitive for max. spec. growth rate (µmax-NOB), mass transfer boundary layer thickness 
(MTBLAerobic), aerobic decay rate (bNOB), substrate (NO2) half sat. (KNO2), yield (YOHO), 
number of anoxic layer, max. spec. growth rate (µmax-AOB), and number of aerobic layer in 
addition to the detachment rate.   
7 
Table 11-7a: Normalized sensitivity coefficient of effluent characteristics 
Parameter (unit) Normalized sensitivity coefficient (Si,j)
* 
TCOD SCOD NH3-N NO3 TKN   TN SPO4-P TP VSS TBOD SBOD 
Ammonia-Oxidizing Bacteria (AOB) 
Max. spec. growth rate (µmax-AOB)(1/d)   3.50 4.45 0.91 0.88      
Substrate (NH4) half sat. (KNH4) 
(mgN/L)   1.17 2.31 0.35 0.46      
Aerobic decay rate (bAOB) (1/d)   1.04 2.27  0.46      
Yield (YAOB) (mg COD/mg N)    0.25  0.25      
Nitrite-Oxidizing Bacteria (NOB) 
Max. spec. growth rate (µmax-NOB) 
(1/d)    13.83  1.40      
Substrate (NO2) half sat. (KNO2) 
(mgN/L)    9.85  2.78      
Aerobic decay rate (bNOB) (1/d)    7.67  2.98      
Yield (YNOB) (mg COD/mg N)    0.25  0.25      
Ordinary Heterotrophic Organisms (OHOs) 
Max. spec. growth rate (µmax-OHO) 
(1/d)    1.75  0.75     0.43 
Substrate half sat. (KOHO) 
(mgCOD/L)    0.25  0.25      
Aerobic decay (bOHO)  (1/d)    0.70  0.32 0.40 0.36    
Yield (YOHO) (g COD/g COD) 1.25 1.54 2.93 13.35 2.71 2.61 1.62 2.13 0.25 1.79 2.19 
Biofilm Properties            
Number of layer in the anoxic 
biofilm     3.08  1.23 0.41 0.31    
Number of layer in the aerobic 
biofilm 0.25 0.37 0.98 4.45 0.91 0.97 0.54 0.71 0.25 0.41 0.60 
Mass transfer boundary layer 
thickness (MTBLAnoxic) ( µm)    1.40  0.97 0.26     
Mass transfer boundary layer 
thickness (MTBLAerobic) ( µ )  0.31 1.06 14.91 0.52 0.79 0.26   0.38 0.61 
*Classified as (a) no significant influence (NI: Si,j ˂ 0.25), (b) influential (I: 0.25 ≤Si,j ˂ 1), (c) very influential (VI: 1 ≤Si,j ˂ 2), and (d) extremely 
influential (EI: Si,j ˃ 2) 
 
Table 11-7b: Mean square sensitivity measure (δjmsqr) ranking of kinetic/ stoichiometric and biofilm parameters 
Rank Overall Rank Parameter δjmsqr 
kinetics and stoichiometric parameters  
1 1 Max. spec. growth rate (µmax-NOB) (1/d) 27.09 
2 3 Aerobic decay rate (bNOB) (1/d) 17.41 
3 4 Substrate (NO2) half sat. (KNO2) (mgN/L) 8.44 
4 5 Yield (YOHO) (g COD/g COD) 4.47 
5 7 Max. spec. growth rate (µmax-AOB)(1/d) 1.43 
6 9 Substrate (NH4) half sat. (KNH4) (mgN/L) 0.79 
7 10 Aerobic decay rate (bAOB) (1/d) 0.77 
8 11 Max. spec. growth rate (µmax-OHO) (1/d) 0.61 
9 13 Aerobic decay (bOHO)  (1/d) 0.26 
10 14 Substrate half sat. (KOHO) (mgCOD/L) 0.14 
11 15 Yield (YAOB) (mg COD/mg N) 0.08 
12 16 Yield (YNOB) (mg COD/mg N) 0.05 
Biofilm Properties  
1 2 Mass transfer boundary layer thickness (MTBLAerobic) ( µm) 24.40 
2 6 Number of layer (Anoxic) ( µm) 1.47 
3 8 Number of layer (Aerobic) ( µm) 1.00 
4 12 Mass transfer boundary layer thickness (MTBLAnoxic) ( µm) 0.24 
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10.4 Summary and Conclusions 
10.4.1 Benefits  
Although the existing calibration protocols of ASM can be applied partially for 
the attached growth system, the proposed calibration protocol sets a complete strategy to 
model particulate biofilm reactors and proposes a method to collect the data and translate 
it to useful information. The detailed calibration procedures presented here will not only 
help the process engineers design and retrofit plants but also plan sampling and 
monitoring requirements for process optimization. Sensitivity analysis is a very helpful 
tool to identify the most important parameters of biofilm model and guide experimental 
measurements. The application of Si,j and δjmsqr rank the kinetics, stoichiometric, and 
biofilm properties parameters in BioWin®. 
10.4.2 Applications 
The proposed calibration protocol can be applied for the following purposes: 
• for system optimization  
• for retrofitting purposes 
• for troubleshooting of shock loads and wet weather conditions  
• for educational and research purposes to understand the hydrodynamic 
and biological performance of particulate biofilm processes 
10.4.3 Limitations 
The proposed calibration protocol is constrained by the following limitations:  
• Each column can be only aerobic, anoxic or anaerobic whereas in real fixed-film 
systems biofilms perform differently throughout the inner layers. As a result 
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simultaneous nitrification and denitrification which may occur in the same reactor 
cannot be simulated by any of the two models. 
• The influent specifier associated with the available software packages (i.e. 
BioWin®) is for municipal wastewater simulation only.   
• The biomass detachment rates in a fixed-film system cannot be controlled by 
setting a desired SRT in the entire system.  
• Although the media fill and SSA in the reactor can be adjusted, the models do not 
provide the users with the weight of media which is essential for system design. 
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CHAPTER  11  
CONCLUSIONS, RECOMMENDATIONS, AND 
ENGINEERING SIGNIFICANCE 
11.1 Conclusions 
The following findings summarize the major outcomes of this research along with 
the recommendation and engineering significance. The principal findings have been 
grouped in accordance with the major objectives as follows: 
 
A. Biofilm Morphology and Structure 
 
• Particles properties played a significant role in biofilm morphology for both natural 
and artificial particles. Particles with a sphericity higher than 0.8 maintained a higher 
thickness of the biofilm and 70% lower in the biofilm detachment rates.  
• The increase of biofilm thickness observed in high-sphericity particles, i.e. granulated 
multi-blast plastic (MB) and natural zeolite (NZ) did not appear to improve nitrogen 
removal efficiency at low C/N despite enhancing the carbon removal by 10%.  
• Considering the overall annualized costs, MB particle is the most suitable and 
economic media for DFBBR, with an annualized cost of $1.56/kg. 
• Elevated Ca2+ concentrations, i.e. Ca2+ of 120 mg/L (R120Ca),  played a significant role 
in biofilm morphology and structure with the detachment rates 90% lower than the 
typical municipal wastewater.  
• Increasing influent Ca2+ concentrations played a significant role in maintaining a 
strong biofilm in the DFBBR and enhancing the organic and nitrogen removal rates.  
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• Biofilms with integrity coefficients (ICs) more than 0.80 and a Ca-bearing wastewater 
at 60 mg/L over the typical municipal wastewater concentration maintained a higher 
organic carbon content (which is essential for denitrification) and a stable 
denitrification performance as reflected by nitrogen removal efficiency of over 99% 
at an OLR of 7±0.1 kg COD/ m3.d and NLR of 2±0.2 kg N/ m3.d.  
• The optimum influent Ca2+ concentration at both organic and nitrogen loading rates 
of 5.9±0.5 kg COD/ m3.d and NLR of 1.2±0.1 kg N/ m3.d was 120 mg Ca2+/L, with 
higher concentrations exhibiting fractured and weak biofilms. 
 
B. N2O Emissions  
 
• The N2O conversion rate of the DFBBR was 0.53% of the total influent nitrogen 
loading at COD/N ratio of 5. At COD/N ratio of 3.5, the N2O conversion rate was 
1.57% of the influent nitrogen loading with an increased of 196% compared to 
carbon-to-nitrogen ratio of 5. The increase of the N2O emission was due to the low 
COD/N ratio and high nitrite concentrations.  
• Increasing the organic and nitrogen loading rates of the DFBBR resulted in a decrease 
in the organic and nitrogen removal efficiencies but significantly increased N2O 
emissions. 
• Calcium dosage played a significant role in biofilm morphology, structure, and 
detachment rates, as well as mitigation of the N2O emissions from denitrifying 
biofilms in DFBBR.  
• Increasing influent Ca2+ concentrations above the 60 mg Ca2+/L typical of municipal 
wastewater concentration significantly reduced the N2O emissions.  
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• The N2O conversion rate at the typical municipal wastewater Ca2+ concentration 
(R60Ca) was in a range of 0.53%-1.57% of the nitrogen loading while with an increase 
of the calcium concentrations, the N2O conversion rate of R120Ca, R180Ca, and R240Ca 
were 0.32%-0.34%, 0.42%-0.44%, and 0.41%-0.45%, respectively.  
• At an increased nitrogen loading and lower COD/N of 3.5, although the N2O 
conversion rate of R60Ca increased significantly by 196% to 1.57% of the influent 
nitrogen loadings along with an increase in liquid nitrite concentration for the R120Ca, 
the N2O conversion rate decreased by 80% compared to R60Ca to 0.32%.  
 
C. Biofilm Modeling and Calibration  
 
• Comparison between the calibrated BioWin® and AQUIFAS® models and the 
experimental data from the pilot-scale CFBBR shows that the modeling of landfill 
leachate along with attached growth systems was challenging due to the complex 
hydrodynamics involving changing biofilm thicknesses, varying detachment and 
attrition rates, and the complexity of leachate characteristics with COD/N ratio of 3:1, 
TCOD/VSS ratio of 8:1 and TBOD/TCOD of 0.44. 
• BioWin® and AQUIFAS® predicted the soluble parameters with an APE of 10%. 
However, effluent SBOD and BOD were predominately underpredicted due to 
soluble microbial products (SMPs) in the effluent as a result of long SRTs in the 
CFBBR.  
• AQUIFAS® predicted the total biomass and biomass yield as well as the anoxic COD, 
anoxic N, and aerobic N removal rates in the CFBBR systems more accurately than 
BioWin®, which predicted aerobic COD uptake more accurately.  
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• Although the existing calibration protocols of ASM can be applied partially for the 
attached growth system, the proposed calibration protocol sets a complete strategy to 
collect data and model particulate biofilm reactors. 
• The detailed calibration procedures presented in this study will not only help the 
process engineers design and retrofit plants but also plan sampling and monitoring 
requirements for process optimization.  
11.2 Scientific Contribution 
I. Particles properties, i.e. sphericity and particles shape were found the most 
important media properties governing the biofilm morphology and structure 
II. To increase the biofilm thickness and decrease the biofilm detachment rate, 
particles with a sphericity higher than 0.8 should be used and thus increasing the 
anoxic zone with the biofilm to enhance denitrification. 
III. Influent divalent cations played a significant role in particulate biofilm process 
performance. 
IV. Calcium dosing was developed as a novel method in DFBBR to simultaneously 
control the biofilm morphology and structure, and decrease the detachment rates.  
V. N2O emissions from denitrifying biofilms were determined for the first time. N2O 
emission rates of DFBBR were at the low end of the range reported in the literature 
for various biological nutrient removal processes. 
VI. Calcium dosage was demonstrated for the first time to mitigate N2O emissions from 
denitrifying biofilms in DFBBR affecting an 80% reduction.  
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VII. Finding of this study will enhance the denitrification bioparticles resistance to 
dynamic forces i.e. shear, abrasion, sloughing, grazing, and erosion.  
VIII. The uniform round-shape biofilm increases the carbon contents of the bioparticles, 
which leads to significant reduction of the N2O emission under a limited carbon 
substrate conditions. 
IX. The nitrification performance of the CFBBR system is strongly influenced by the 
biofilm control during the denitrification phase and shielding a higher amount of 
active nitrifiers in the biofilm in the aerobic reactor, thus increasing the aerobic 
SRT. 
X. The impact on nitrification of CFBBR is uncertain; while on one hand increased 
SRT and shielding of nitrifiers should enhance nitrification, the potential oxygen 
limitations may deteriorate nitrification or modify the nitrification pathways to 
produce more nitrites, which can then be denitrified through short-cut 
denitrification. 
11.3 Limitations 
The FBBR as one of the particulate biofilm process exhibited excellent 
performances with respect to organic and nitrogen removal from municipal and industrial 
wastewater. However, the nature of fluidization and scale-up brings the following 
limitations: 
I. Superficial upflow velocity to maintain the fluidization energy increases the liquid 
recirculation and energy consumption. 
II. Liquid distribution uniformity is a design challenge for the scale-up of the FBBR.  
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III. Since the CFBBR technology utilizes both anoxic and aerobic biofilm reactors, 
Ca2+ dosing which has been determined in this study for denitrifying biofilms, may 
not the same as the optimum for the aerobic biofilm and may even detrimental to 
the aerobic biofilm. Thus balancing the counteracting impacts of calcium dosage is 
very challenging. 
IV. For commercial biofilm software, i.e. BioWin® and AQUIFAS®, the biomass 
detachment rates in a fixed-film system cannot be controlled by setting a desired 
SRT in the entire system.  
V. Although the reactor media fill and SSA used in available commercial biofilm 
software can be adjusted, the models do not provide the users with the weight of 
media, which is essential for system design. 
VI. In the available biofilm simulation packages, each column can be only aerobic, 
anoxic or anaerobic whereas in real fixed-film systems biofilms perform differently 
throughout the inner layers. As a result simultaneous nitrification and 
denitrification, which may occur in the same reactor, cannot be simulated by any of 
the available biofilm simulation packages. 
11.4 Recommendations 
In order to further improve the FBBR system and overcome some of the 
aforementioned shortcomings, the following recommendations are proposed: 
• Control of the liquid recirculation is essential for minimization of the running 
costs. 
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• Development and optimization of the liquid distribution of the FBBR is 
essential for scale-up. 
•  Based on the proposed method to control biofilm, the FBBR system has a 
potential to culture fragile microbial cultures, i.e. anaerobic ammonium 
oxidation (ANAMMOX) with an added advantage of mitigating N2O 
emissions.     
Appendixes                                                                                                                            298 
 
29
8 
29
Appendix A.  Pictures of MH-CFBBR System   
A.1  Trailer and Insulation Phase 
 
Figure A- 1: Layout of the trailer before insulation  
 
Figure A- 2: Layout of the trailer after insulation  
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A.2  Layout of the MH-CFBBR 
 
 
Figure A- 3: Layout of the MH-CFBBR 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure A- 4: Recirculation pumps for riser and downer 
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Figure A- 5: Feed pump for MH-CFBBR 
 
 
 
 
 
 
 
 
 
 
 
 
Figure A- 6: Power transformer for MH-CFBBR 
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Figure A- 7: Control panel and SCADA system for MH-CFBBR
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